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Recovery  of  Uranium  from  Its  Ores 

By  G.  Marvin,  T.  Upchurch,  E.  Green  leaf,  E.  Van  Blarcom  and  A.  Morphew,*  USA 


Until  recent  years,  the  uses  of  uranium  for  all 
purposes  were  so  small  that  the  requirements  were 
supplied  as  a  by-product  of  operations  for  commer- 
cial recovery  of  such  metals  as  vanadium  or  radium. 
With  the  development  of  applications  of  atomic 
energy,  demand  for  uranium  increased  suddenly  and 
tremendously.  Nearly  all  the  uranium  obtained  dur- 
ing the  early  phases  of  our  atomic  program  was 
produced  by  process  methods  which  were  merely 
modifications  of  existing  techniques  for  vanadium  or 
radium  recovery.  With  uranium  now  the  primary 
product,  it  became  necessary  to  develop  new  pro- 
cesses. Any  efficient  and  economical  process  to 
accomplish  this  end  necessitated  development  of 
means  of  dissolving  the  uranium  from  its  ores,  and 
subsequent  recovery  of  the  uranium  from  the  solu- 
tion. Development  studies  to  achieve  these  objectives 
were  undertaken,  not  only  for  the  many  types  of 
ores  found  throughout  the  US,  but  also  for  those 
occurring  in  many  other  parts  of  the  world. 

Although  there  are  many  types  of  minerals  and 
ores  which  contain  uranium,  all  of  our  chemical  pro- 
cessing methods  involve  digestion  with  either  acid  or 
alkaline  reagents.  The  choice  between  an  acid  or  an 
alkaline  process  depends  to  a  great  extent  on  the 
type  of  mineralization  of  the  ore  under  consideration. 
Uranium  mineralization  may  be  of  a  primary  or  sec- 
ondary nature,  with  uranium  being  in  the  reduced 
state  in  primary  ores, .  and  being  in  either  partially 
or  almost  completely  oxidized  states  in  secondary 
ores.  Primary  ores  originating  as  pegmatites  contain 
the  uranium  chemically  combined  with  various 
refractory  oxides,  for  example  rare  earths,  titanium 
or  thorium.  These  refractory  ores  require  strong 
acid  concentrations  to  break  clown  the  minerals  and 
are  not  amenable  to  alkaline  leaching.  Other  primary 
ores,  such  as  pitchblendes,  and  all  of  the  secondary 
ores  are  amenable  to  both  acid  and  alkaline  proces- 
sing. With  these  ores  the  interference  of  gangue  ma- 
terials becomes  of  importance  in  choosing  a  process. 
Calcite,  dolomite  and  magnesite  are  all  serious 
reagent  consumers  in  an  acid  process,  and  their  pres- 
ence may  require  an  alkaline  approach.  Where  the 
choice  of  processing  methods  is  not  defined  by  the 
ore  composition,  it  will  depend  upon  the  net  effect 
of  several  other  factors,  including  reagent  costs, 
materials  of  construction  required,  oxidation  needed, 
solubility  of  undesirable  contaminants,  the  physical 
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handling  problems  caused  by  solids  or  slimes  present, 
and  the  recovery  methods  available.  In  most  existing 
productions  plants,  acid  digestion  is  the  preferred 
process. 

The  winning  of  uranium  begins,  of  course,  with 
the  mining  industry.  In  the  mining  of  uranium  the 
usual  practices  and  techniques  used  for  other  non- 
ferrous  ores  apply.  After  the  ore  is  delivered  to  the 
mill,  crushing  and  grinding  are  required.  Here  again 
conventional  equipment  is  needed  throughout. 

A  great  amount  of  study  has  been  undertaken 
toward  development  of  physical  beneficiation  methods 
for  uranium-bearing  materials,  but  the  results  gene- 
rally have  been  unsuccessful.  Flotation  of  undesi- 
rable gangue  materials,  such  as  sulfides,  has  had  some 
success.  Other  possibilities  include  the  flotation  of 
a  carbonaceous  uranium  concentrate  from  asphaltic 
ores,  and  flotation  of  a  calcite  fraction  from  high 
limestone  ores.  However,  in  each  of  these  cases  the 
tailings  as  well  as  the  concentrate  must  be  treated 
for  uranium  recovery.  Because  of  the  requirement 
for  a  low  assay  in  a  throwaway  tailing,  and  the  pres- 
ence of  several  different  uranium  minerals  in  the 
same  ore,  little  success  has  been  achieved. 

Other  physical  methods  of  beneficiation,  such  as 
wet  attrition  grinding,  electrostatic  methods,  etc., 
have  resulted  in  either  low  recoveries  or  low  con- 
centration factors.  In  summary,  only  a  few  of  the 
ores  being  processed  for  uranium  have  been  found 
amenable  to  physical  beneficiation  techniques.  How- 
ever, we  have  no  reason  to  believe  that  physical 
beneficiation  is  not  an  economic  possibility  and  we 
are  continuing  our  efforts  to  develop  commercially 
attractive  techniques. 

The  first  step  in  the  chemical  treatment  of  ura- 
nium ores  in  all  cases  is  digestion.  Of  the  two  types, 
acid  or  alkaline  digestion,  acid  digestion  is  by  far 
the  more  widely  used  technique.  We  have  experi- 
mented with  the  use  of  various  acids  to  extract  ura- 
nium and  have  found  nitric  and  hydrochloric  acids 
to  be  technically  practical,  but  sulfuric  acid  has 
remained  the  most  economical  one  for  our  purposes. 
This  is  the  acid  we  have  used  wherever  acid  pro- 
cessing techniques  are  employed.  The  data  which  I  am 
presenting,  while  possibly  applicable  to  other  acids, 
have  been  derived  entirely  by  using  sulfuric  acid. 
In  acid  digestion,  conventional  equipment  is  used 
throughout  the  uranium  industry.  Digestion  is 
accomplished  by  one  of  several  techniques,  such  as 
percolation  leach  in  filter  bottom  tanks,  and  mecha- 
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Time 
Figure  1.  Curve  of  leaching  in  an  acid  system 

nical  or  air  agitation  leach.  Agitation  leaching  may 
be  either  single  or  multiple  stage.  Air  agitation  offers 
the  advantage  of  adding  oxidation  effects.  In  most 
plants,  continuous  leaching  is  used  for  greater  econ- 
omy. However,  in  some  plants,  batch  operation  is 
preferred  because  it  offers  better  control.  Where 
the  physical  characteristics  of  the  ore  permit,  advan- 
tage can  be  taken  of  the  relative  simplicity  of  the 
percolation  leach. 

Another  method  of  acid  digestion  that  has  been 
used  includes  the  pugging  of  the  ore  directly  with 
concentrated  acid,  which  is  then  allowed  to  cure  for 
a  period  of  time. 

Following  this,  the  ore  is  leached  with  water  to 
extract  the  uranium. 

The  various  conditions  of  acid  digestion  have  a 
very  important  effect  on  the  rate  and  extent  of  ura- 
nium dissolution.  Figures  1  through  4,  respectively, 
show  the  general  relationship  of  time,  temperature, 
strength  of  acid,  and  particle  size  to  dissolution  of 
uranium. 

The  purpose  of  these  curves  is  to  show  in  a  gen- 
eral way  the  rate  of  change  of  per  cent  uranium  dis- 
solution with  change  in  the  variables  listed.  It  is 


Temperature 
Figure  2.  Curve  of  leaching  in  an  acid  system 

not  intended  that  these  charts  can  be  used  for  any 
particular  ore.  For  these  figures  the  ordinates  rep- 
resent a  range  of  between  70  and  100%  dissolution 
of  uranium.  The  abscissa  of  Fig.  1  covers  a  range 
of  from  1  to  48  hours.  On  Fig.  2  the  temperature 
ranges  between  20° C  to  909C.  The  terminal  acid 
concentration  of  Fig.  3  varies  from  0  to  20  grams 
per  liter  free  acid. 

On  Fig.  4  the  particle  size  diminishes  from  10 
to  200  mesh. 

The  use  of  chemical  oxidants  during  acid  digestion 
is  considered  to  be  beneficial  to  uranium  extraction 
in  most  cases,  and  quite  markedly  so  in  some 
instances.  For  ores  in  which  the  uranium  is  readily 
acid  soluble  (over  90%  extraction)  without  an 
oxidant,  the  use  of  an  oxidant  rarely  improves  the 
extraction  appreciably.  With  refractory  ores,  in  which 
the  minerals  must  be  completely  broken  down  to 
liberate  the  uranium,  or  with  any  ores  containing 
primary  mineralizations,  and  with  sulfide-containing 
ores,  the  use  of  an  oxidant  is  required  for  satisfac- 
tory uranium  solubilization.  There  are  many  oxidants 
which  can  be  used,  but  we  have  found  manganese 
dioxide  to  be  the  most  economic.  Quantities  required 
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Acid  Concentration 
Figure  3.  Curve  of  leaching  in  an  acid  system 


Particle  Size 
Figure  4.  Curve  of  leaching  in  an  acid  system 
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Time 
Figure  5.  Curve  of  leaching   in  an   alkaline  system 

may  be  in  the  neighborhood  of  ten  pounds  per  ton 
of  ore  for  most  ores  and  higher  for  very  refractory 
ores. 

For  those  ores  which  contain  large  quantities  of 
lime  or  other  acid  consuming  constituents,  the  eco- 
nomics of  acid  digestion  usually  are  unfavorable. 
Therefore,  we  use  alkaline  reagents  to  extract  the 
uranium.  We  have  investigated  a  number  of  these 
reagents  including  sodium  carbonate,  sodium  bicar- 
bonate and  ammonium  carbonate.  To  date,  the  most 
useful  alkaline  reagent  has  been  a  mixture  of  sodium 
carbonate  and  sodium  bicarbonate.  The  purpose  of 
the  bicarbonate  in  the  mixture  is  to  prevent  any 
increase  in  pi  I  of  the  leach  liquor  during  extraction, 
because  the  uranium  will  precipitate  if  the  pH 
becomes  too  high.  In  the  digestion  step  of  an  alka- 
line process,  conventional  types  of  equipment  and 
materials  of  construction  are  employed.  We  have 
found  the  use  of  either  mechanical  agitation  or 
Pachucas  to  be  quite  effective.  Pachucas  have  the 
advantage  of  permitting  operation  at  temperatures 
above  the  normal  atmospheric  boiling-  point.  Another 
means  of  achieving  this  effect,  applied  only  in  ex- 
treme cases,  is  the  use  of  autoclaves.  These  techniques 
can  be  employed  either  in  batch  or  continuous  opera- 
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Temperature 
Figure  6.  Curve  of  leaching  in  an  alkaline  system 

tion.  Figures  5  through  8,  respectively,  show  the 
relationship  of  time,  temperature,  strength  of  reagent 
and  particle  size  to  uranium  dissolution.  For  these 
figures  for  carbonate  leaching  conditions,  all  ordinates 
again  represent  a  range  of  from  approximately  70  to 
100%  dissolution  of  uranium.  Figure  5  has  a  time 
range  of  from  4  to  96  hours.  The  temperature  range 
for  Fig.  6  is  roughly  20°C  to  90°C  Figure  7  rep- 
resents a  carbonate  concentration  range  of  from 
20  to  150  grams  per  liter,  combined  sodium  carbonate 
and  sodium  bicarbonate,  expressed  as  sodium  bicar- 
bonate. Particle  size  range  of  Fig.  8  diminishes  from 
10  to  200  mesh.  In  general,  uranium  extraction  by 
alkaline  reagents  has  not  been  as  good  as  with  acids. 
However,  through  the  use  of  improved  operating 
technology,  we  have  been  able  to  increase  the  effi- 
ciency until  it  approaches  that  of  acids.  Carbonate 
leaching  offers  the  additional  advantage  over  acid 
leaching  that  lesser  amounts  of  undesirable  con- 
stituents are  dissolved. 

In  a  carbonate  system,  oxidation  is  generally  more 
critical  than  in  an  acid  system  because  of  the  fact 
that  uranium  must  be  in  an  oxidized  state  in  order 
for  dissolution  to  occur  in  a  carbonate  system.  The 
amount  of  oxidation  required  must  be  determined 


Carbonate  Concentration 
Figure  7.  Curve  of  leaching  in  an  alkaline  system 


Particle  3i»* 
Figure  8.  Curve  of  leaching  in  an  alkaline  system 
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for  each  ore  but  in  general  depends  on  the  amount 
of  reduced  uranium  mineralization  present  in  the  ore. 
In  an  atmospheric  digestion  system,  nothing  has  been 
found  which  will  approach  potassium  permanganate 
for  ability  to  improve  extraction  from  refractory 
ores;  however,  in  a  pressure  system  air  oxidation 
will  approach  the  performance  of  permanganate  in 
an  atmospheric  system.  For  ores  which  require  little 
oxidation,  air  oxidation  of  the  digest  slurry  at  atmos- 
pheric pressure  may  be  sufficient  to  achieve  accept- 
able extraction. 

I  now  have  discussed  two  major  approaches  to 
dissolving  uranium  from  its  ores.  There  is  nothing 
particularly  unique  about  the  methods  used  in  either 
approach  to  get  the  uranium  into  solution.  However, 
for  efficient  recovery  of  uranium  from  digest  solu- 
tions, the  problems  of  effecting  solid-liquid  separa- 
tions were  so  great  in  many  cases  that  techniques 
not  previously  used  in  the  metallurgical  industry  had 
to  be  developed.  Originally,  our  conventional  chem- 
ical precipitation  techniques  required  a  clear  liquor 
in  order  that  the  final  uranium  concentrate  would  not 
be  contaminated  with  entrained  solid  material.  How- 
ever, as  uranium  ores  of  different  origin  were  en- 
countered, thickening  and  filtration  of  slimy  solids 
became  a  serious  difficulty.  This  led  to  the  develop- 
ment of  recovery  techniques  which  could  be  per- 
formed in  liquors  that  had  undergone  simply  a  sand- 
slime  separation  or  in  slurries  direct  from  the  diges- 
tion tanks.  The  choice  of  one  method  over  another 
depends  entirely  on  the  overall  economics  for  a  par- 
ticular ore.  Techniques  employed  for  clarifying  or 
desanding  liquors  are  conventional  hydrometallur- 
gical  processes  and  selection  of  a  particular  type  of 
equipment  is  governed  by  the  characteristics  of  the 
ore  involved. 

It  has  been  found  that  roasting  certain  ores  some- 
times has  a  significant  effect  on  uranium  solubility 
and  the  handling  characteristics  of  the  ore.  In  many 
cases  the  filtering  and  settling  rates  of  untreated 
ores  are  so  slow  as  to  be  almost  prohibitive.  Tn 
such  cases  thermal  treatment  in  conventional  roasters 
improves  filtering  and  settling  rates,  sometimes  sig- 
nificantly. Fortunately,  most  ores  do  not  require  this 
treatment.  Care  must  be  observed  to  avoid  over-heat- 
ing in  thermal  treatments  as  this  may  reduce  the 
uranium  solubility. 

Recently  new  chemical  flocnilents  have  become 
available  commercially  which  effect  marked  improve- 
ment in  thickening  or  settling  the  slurries  from  diges- 
tion. In  some  cases,  they  assist  clarification  so  greatly 
as  to  affect  the  choice  of  solids  handling  equipment 
or  techniques,  or  to  eliminate  the  need  for  roasting. 

Uranium  recovery  from  digest  pulps  or  liquors 
can  be  accomplished  by  four  principal  methods, 
namely:  chemical  precipitation,  static  bed  ion 
exchange,  fltiidized  bed  ion  exchange  and  organic 
solvent  extraction.  Each  of  the  above  techniques  may 
be  used  for  either  acid  or  alkaline  leach  pulps. 

The  simplest  procedure  is  straight  chemical  precipi- 
tation. This  requires  first  of  all  complete  clarification 


of  the  leach  liquor,  then  the  addition  of  the  precipi- 
tating agent.  The  advantages  of  this  method  are  sim- 
plicity and  straightforward  operations  employing  con- 
ventional solid-liquid  separation  equipment,  precipi- 
tation tanks  and  nitration  of  final  product.  It  can  be 
used  only  on  ores  which  can  be  readily  clarified.  It 
has  the  disadvantage  of  high  cost  in  the  case  of  acid 
digestions,  because  of  the  high  consumption  of 
reagent  needed  to  neutralize  all  the  acid  present.  In 
addition,  the  barren  leach  liquor  usually  is  not  useful 
for  recycle  after  neutralization.  An  alternate  method 
is  to  precipitate  uranous  phosphate,  by  the  reduction 
of  the  uranium  to  the  uranous  (-H  4)  valence,  fol- 
lowed by  addition  of  phosphate.  This  method  does 
not  destroy  all  of  the  acid  values,  and  some  recycle 
is  possible. 

Chemical  precipitation  is  more  commonly  used  in 
alkaline  than  in  acid  systems.  When  a  leaching  mix- 
ture of  sodium  carbonate  and  sodium  bicarbonate  is 
employed,  uranium  can  be  recovered  from  a  clarified 
leach  liquor  by  the  use  of  alkali  to  raise  the  pH  to 
the  point  of  uranium  precipitation.  The  barren  leach 
liquor  can  be  regenerated  by  the  use  of  CO2.  The 
carbonate-bicarbonate  ratio  can  be  adjusted  by  the 
addition  of  small  quantities  of  sodium  bicarbonate. 
A  continuous  bleed-off  is  required  to  prevent  build 
up  of  interfering  constituents.  Other  methods  which 
have  been  investigated  for  recovery  of  uranium  from 
alkaline  solutions  include  hydrogen  reduction,  sodium 
amalgam  reduction,  and  electrolytic  reduction.  While 
the  main  advantage  of  these  methods  is  that  they  per- 
mit recycle  of  chemical  reagents,  none  of  them  is  in 
use  at  present  because  of  insufficient  development. 

The  use  of  ion  exchange  resins  has  been  widely 
adopted  for  recovery  of  uranium  from  sulfuric  acid 
leach  liquors.  In  using  ion  exchange  resin  columns 
the  pregnant  liquor  must  be  clarified.  This  process 
utilizes  modified  water  softening  equipment  which 
consists  of  large  columns  containing  beds  of  ion  ex- 
change resins.  The  clear  pregnant  solution  is  passed 
through  this  bed  of  resin  until  the  resin  is  loaded  with 
uranium.  The  resins  most  commonly  used  are  of  the 
anion  type  and  are  commercially  available.  After  the 
loading  cycle  has  been  completed  and  the  bed  ade- 
quately washed,  the  uranium  is  removed  from  the 
resins  by  the  use  of  mixed  solutions  of  ammonium 
nitrate  and  nitric  acid.  Other  eluting  solutions  are 
possible,  but  at  present  these  are  the  most  satis- 
factory. Conventional  ion  exchange  technology  is 
practiced.  Modifications  are  made  as  needed  to  fit  the 
peculiar  characteristics  of  uranium  adsorption  and 
elution  and  to  provide  for  the  removal  of  impurities. 
A  precipitate  is  recovered  from  the  eluting  solution 
by  the  addition  of  ammonia  or  other  basic  compounds, 
such  as  magnesia.  This  precipitate  is  filtered  and 
dried  sufficiently  for  shipment.  While  we  have  no  ion 
exchange  columns  in  production  on  alkaline  leach 
liquors,  we  know  the  method  is  technically  possible. 

The  development  of  the  ion  exchange  technique 
was  significant  to  uranium  recovery  in  that  it  repre- 
sented the  first  departure  from  conventional  hydro- 
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metallurgical  methods.  The  advantages  that  are  in- 
herent in  this  approach  are  that  we  now  have  a 
method  which  greatly  concentrates  the  uranium  in 
solution;  that  is,  the  uranium  concentration  in  the 
dilute  acid  leach  runs  in  the  range  of  l/2-l  gram  per 
liter  as  compared  to  the  concentration  in  the  ion  ex- 
change eluate  of  10-20  grams  per  liter.  At  the  same 
time,  the  concentration  of  other  elements  which  nor- 
mally coprecipitate  with  uranium  in  a  chemical  pre- 
cipitation are  decreased  or  eliminated  and,  therefore, 
not  precipitated  from  the  eluate  with  the  uranium 
product.  Thus,  we  have  an  economic  method  which 
yields  a  high  grade  product  directly  without  any 
intermediate  up-grading  steps. 

A  modification  of  the  ion  exchange  technique  to 
eliminate  the  requirement  that  feed  to  the  resin  be 
water  clear,  was  developed  for  use  on  ores  that  have 
difficult  thickening  characteristics.  This  is  a  fluidized- 
bed-ion-exchange  technique  known  as  resin-in-pulp. 
The  chemical  characteristics  of  the  resin  used  arc 
the  same  as  for  the  resins  used  in  columns.  However, 
the  particle  size  is  considerably  larger.  These  larger 
particles  of  resin  are  placed  in  a  perforated  stainless 
steel  basket  which  has  openings  smaller  than  the 
resin  beads,  but  larger  than  the  particles  in  the  pulp 
fed  to  the  process.  The  acid  leach  liquor  from  the 
digestion  tank  first  passes  through  the  sand-slime 
separation  to  remove  the  coarse  szincls.  The  desanded 
pulp  is  then  fed  into  a  series  of  cells  containing 
baskets  partially  filled  with  the  ion  exchange  resin. 
The  baskets  are  operated  by  an  overhead  drive  which 
slowly  moves  them  up  and  down  in  the  solution.  By 
this  means,  the  resin  beads  are  kept  in  motion  while 
suspended  in  the  pulp.  This  motion  is  to  insure  effi- 
cient contact  between  the  resin  beads  and  the  ura- 
nium in  the  pulp.  The  barren  pulp  from  the  process 
may  be  discarded,  thus  eliminating  a  costly  and  dif- 
ficult solid-liquid  separation  step.  The  uranium-loaded 
resins  are  then  eluted  in  a  manner  chemically  the 
same  as  for  resins  in  columns.  As  the  eluting  solu- 
tion progresses  from  one  cell  to  another,  the  baskets 
continue  to  move  up  and  down,  to  keep  the  resin 
beads  in  motion.  The  uranium  is  precipitated  from 
the  eluting  solution  in  the  same  manner  described 
above  for  ion  exchange  columns.  This  process  will  be 
employed  in  a  number  of  plants  which  are  now  under 
construction.  We  also  are  developing  a  technique  for 
using  resin-in-pulp  to  recover  uranium  from  alkaline 
solutions.  This  work  has  progressed  quite  satisfac- 
torily but  is  not  in  full  scale  production  at  present. 
The  fourth  technique  1  will  describe  for  recovery 
of  uranium  from  solutions  utilizes  organic  solvents. 
To  date,  use  of  this  method  has  been  confined  to  acid 
solutions.  We  have  plants  under  construction  and  in 
operation  utilizing  this  technique  to  recover  uranium 
from  phosphoric  acid.  In  addition,  development  work- 
has  progressed  through  the  pilot-plant  stage  applying 


the  method  to  ores  from  the  Colorado  Plateau  region. 

The  extractants  which  have  been  most  success- 
fully used  in  this  technique  are  esters  formed  by  the 
reaction  of  phosphorous  pentoxide  with  straight  or 
branched  chain  alcohols  of  eight  or  more  carbons. 
These  extractants  generally  are  used  in  diluted  form, 
in  a  diluent  such  as  kerosene.  Depending  upon  the 
particular  characteristics  of  the  digest  slurry  in- 
volved, strengths  of  organic  extractants  ranging  from 
2  to  10%  might  be  employed.  Other  extractants  are 
being  investigated. 

Thn  original  application  of  solvent  extraction  was 
on  clear  solutions.  Recently  tke  technique  has  been 
adapted  successfully  to  leach  slurries.  The  coefficients 
are  sufficiently  high  that  quite  efficient  extraction  may 
be  expected  in  a  very  few  stages.  The  organic  and 
pregnant  aqueous  phases  are  contacted  by  mixer- 
settlers  or  columns,  such  as  are  used  in  conventional 
extraction.  On  an  experimental  basis  we  have  in- 
vestigated pulsed  columns  and  centrifugal  contactors. 

The  chief  difficulties  encountered  in  solvent  ex- 
traction have  been  the  occurrence  of  emulsions  and 
the  loss  of  organic  extractant  in  the  raffinate.  With 
proper  choice  of  equipment  and  operating  conditions 
they  usually  can  be  avoided  or  controlled.  After  the 
organic  solvent  has  been  separated  from  the  leached 
liquor,  the  uranium  may  be  stripped  in  a  number  of 
ways  depending  upon  the  extractant  used.  Hydro- 
fluoric acid  has  been  used  successfully  to  form 
uranous  tetrafluoride,  which  is  a  final  product.  Other 
stripping  agents,  such  as  hydrochloric  acid,  are  de- 
sirable when  they  can  be  used. 

Limited  study  has  been  made  on  processes  whereby 
the  ore  is  contacted  with  an  organic  solvent  free  of 
a  water  phase.  The  ore  may  or  may  not  have  received 
an  acid  cure,  and  the  solvent  may  or  may  not  contain 
a  mineral  acid.  Separation  of  loaded  solvent  from 
the  residue  is  generally  quite  simple  and  recovery  of 
uranium  from  the  organic  is  similar  to  procedures 
described  previously. 

By  any  of  the  techniques  which  I  have  described, 
the  uranium  is  in  precipitated  form,  which  then  is 
filtered  and  dried  for  shipment.  The  product  grade 
usually  is  70%  or  better.  Overall  recovery  by  ion 
exchange  resin-in-pulp  is  better  than  9Q%  from  both 
alkaline  and  acid  solutions.  Costs  of  the  final  product 
are  considerably  less  than  for  the  material  produced 
by  the  original  techniques  adopted  from  vanadium 
and  uranium  technology.  Moreover,  we  are  con- 
stantly improving  our  practical  skill  through  oper- 
ating experience  to  give  even  better  yields  and  lower 
costs. 

This  paper  has  been  a  summary  of  all  the  steps 
which  we  employ  to  produce  uranium  from  the  ores 
now  being  treated.  Of  necessity  it  was  not  possible 
to  describe  technical  details.  These  you  will  find  in 
the  papers  in  the  proceedings  of  this  session. 
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By  A.  M.  Gaudin,*  USA 


In  this  paper  our  objective  will  be  to  examine  the 
developments  in  uranium  leaching  in  the  post-war 
decade  so  as  to  bring  out  the  significant  features 
rather  than  the  details  of  this  art. 

Before  1940  uranium  leaching  was  carried  out 
primarily  on  the  yellow  or  carnotite-type  minerals. 
It  was  generally  a  small-scale,  batch  operation,  pri- 
marily designed  to  recover  vanadium  or  radium  with 
uranium  as  by-product. 

The  atomic  age  has  changed  this  radically.  Ura- 
nium is  now  the  principal  constituent.  Associated 
metals  such  as  vanadium,  radium,  cobalt,  silver  and 
even  gold  have  become  increasingly  incidental  to  the 
recovery  of  uranium.  Processes  and  flow  sheets  have 
had  to  be  altered  to  implement  this  basic  change.  The 
greatly  enhanced  value  of  uranium  has  made  lower- 
grade  ores  economically  acceptable.  This  in  turn  has 
greatly  increased  ore  reserves  and  has  made  possible 
the  development  and  use  of  continuous  leaching 
processes. 

Since  the  ores  treated  have  been  lower  grade, 
large-scale  operations  have  become  possible,  with 
further  lowering  in  the  grade  of  uranium  that  is 
acceptable  in  an  ore.  Accordingly  entirely  neiv  stan- 
dards of  analytical  accuracy  have  become  imperative 
for  the  purpose  of  operative  control  of  the  leaching 
operations.  If  it  be  assumed  that  uranium  oxide  in 
the  form  of  a  high-grade  product  from  leaching  is 
worth  as  much  as  silver,  a  raw  material  containing 
0.10%  U3Os  becomes  ore  under  the  prevailing  gen- 
eral economic  conditions.  And  if  recovery  in  a  given 
operation  must  be  known  to  the  nearest  one  per  cent 
of  the  recovery,  the  analytical  methods  must  be  such 
as  to  analyze  for  one  part  per  100,000  in  the  residue 
and  for  even  lesser  concentrations  of  uranium  in 
spent  liquors. 

These  two  major  requirements  for  uranium  leach- 
ing operations,  namely  continuity  of  processing  and 
highly  accurate  process  control,  are  among  the  most 
important  of  overriding  attributes  of  suitable  opera- 
tion. Two  other  important  factors  are  the  selection 
of  a  process  employing  relatively  non-corrosive  leach 
liquors,  and  the  use  of  ambient  temperature  in  lieu 
of  deliberate  heating.  Non-corrosive  leach  liquors 
are  clearly  desirable  especially  when  the  service  on 
the  capital  investment  for  a  Uranium  Reduction 
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Works  becomes  an  increasingly  large  proportion  of 
the  total  cost  of  producing  the  metal.  Use  of  ambient 
temperature  in  place  of  elevated  temperature  results 
in  operating  economy,  the  saving  being  increasingly 
large,  percentage-wise,  as  the  grade  of  ore  is  lowered. 

URANIUM  MINERALS 

Uranium  minerals  fall  into  three  classes  of  which 
two  are  important  sources  of  metal.  In  one  class 
uranium  occurs  as  the  oxides  uraninite  and  pitch- 
blende and  is  largely  in  the  tetravalent  state.  In  the 
second  class  uranium  occurs  as  hexavalent  compound 
salts  with  other  metals,  or  simply  as  the  hexavalent 
oxide  or  hydrated  oxide.  And  in  the  third  class  it 
occurs  in  tetravalent  form  as  a  mixed  oxide  with 
other  metals  such  as  titanium,  thorium,  columbium. 
This  third  class  is  at  present  relatively  unimportant 
and  will  not  be  considered  further  in  this  paper. 
Uranium  ores  for  our  purpose,  therefore  consist  of 
the  black  ores  with  uranium  largely  tetravalent  and 
the  yellow  (and  green)  ores  with  uranium  largely 
hexavalent. 

Tetravalent  uranium  minerals  seem  to  have  re- 
quired reducing  conditions  for  their  formation.  They 
are  generally  associated  with  reducing  agents  such 
as  hydrocarbon  minerals,  graphite,  native  metals  and 
sulfide  minerals.  Hexavalent  uranium  minerals  nor- 
mally display  no  such  associations. 

NEED  FOR  OXIDIZING  AGENTS  IN  LEACHING 

Compounds  of  hexavalent  uranium  are  much  more 
soluble  in  water  than  those  of  tetravalent  uranium, 
and  they  more  frequently  form  water-soluble  com- 
plexes. To  dissolve  uranium  minerals  it  is  therefore 
necessary  to  provide  an  oxidizing  agent  whenever 
the  uranium  occurs  in  tetravalent  form,  or  in  the 
rare  cases  where  a  hexavalent  uranium  mineral  is  in 
close  association  with  active  reducing  minerals.  This 
provision  of  an  oxidizing  agent  may  be  termed  the 
fifth  important  requirement  for  uranium  leaching. 
According  to  circumstances  the  oxidizing  agent  may 
be  manganese  dioxide,  ferric  iron,  chlorine  or  chlor- 
ate ion. 

Manganese  dioxide  is  outstandingly  effective  in  acid 
circuits  (Table  I). 

And  where  manganese  compounds  are  valuable, 
it  may  sometimes  be  recovered  at  a  later  stage  of  the 
process  by  precipitating  manganous  hydroxide,  and 
then  oxidizing  the  precipitate  with  atmospheric  oxy- 
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Table  I.  Effect  of  MnO2  on  Dissolution  of  Uranium 

from  a  Siliceous  Ore  in  which  Part  of  the  Uranium 

Occurred  as  Pitchblende  (acid  constant) 


Mn02 
Ib/ton  ore 

Uranium 
extraction,  % 

0 

88.0 

5 

92.3 

15 

95.2 

30 

95.6 

SO 

96.5 

gen.  In  some  experiments  the  conversion  of  Mn++ 
to  MnO2  ranged  from  60  to  over  90%  according  to 
the  temperature  and  duration  of  the  oxidation,  the 
best  results  being  obtained  by  roasting  at  about 
300°C 

Ferric  iron  is  useful,  except  for  the  fact  that  it  in- 
troduces an  element  sufficiently  similar  to  uranium  in 
regard  to  chemical  properties  to  make  later  steps  of 
recovery  somewhat  more  difficult.  So,  in  general, 
ferric  iron  is  not  added  to  the  system  although  some 
of  it  seems  invariably  present  in  practical  leach 
liquors. 

Chlorine,  chloride  of  lime  and  chlorate  ion  all  are 
effective  in  acid  circuit,  but  they  produce  chloride  ion 
which  is  definitely  corrosive  to  steel  in  acid  circuits. 
It  is  therefore  preferable  to  avoid  it.  To  date  atmos- 
pheric oxygen  has  not  been  found  effective  in  acid 
circuits  as  a  uranium  oxidizer,  but  the  matter  needs 
perhaps  additional  study.  Permanganates,  bromine, 
hydrogen  peroxide  and  other  oxidizing  agents  fa- 
miliar to  the  analytical  chemist  are  useful  but 
practically  unsuitable  because  of  high  cost. 

Ascertainment  of  proper  addition  of  oxidizer  dur- 
ing leaching  may  be  made  by  an  empirical  potcntio- 
metric  method.  This  consists  in  measuring  the  po- 
tential across  a  pair  of  electrodes  (platinum-calomel) 
immersed  in  the  slurry.  The  potential  changes  pri- 
marily in  accordance  with  the  relative  abundance  of 
ferric  to  ferrous  iron,  but  modifications  in  the  nu- 
merical e.m.f.  are  introduced  if  elements  other  than 
iron  are  present  in  substantial  concentration,  these 
elements  being  characterized  by  the  assumption  of 
many  valencies.  Vanadium  is  conspicuous  in  this 
capacity. 

URANIUM  SOLVENTS 

Among  solvents  for  uranium  minerals,  sulfuric 
acid  and  sodium  carbonate  have  been  found  especially 
practical.  Sulfuric  acid  leads  to  formation  in  solution 
of  uranyl  sulfate,  UOaSOt,  which  ionizes  not  only 
to  give  uranyl  cation  UO2+  +  and  sulfate  anion 
SO4 — ,  but  also  uranyl  sulfate  complex  anions, 
UO2(SO4)34-  and  UO2(SO4)2=.  The  dissolved 
uranium  occurs  in  all  three  forms  simultaneously, 
the  abundance  of  these  forms  being  controlled  by 
complex  equilibria  involving  the  concentrations  of 
hydrogen,  sulfate  and  bisulfate  ion  besides  that  of  the 
various  forms  dissolved  uranium.  In  the  same  way 
sodium  carbonate  leads  to  formation  in  solution  of 
the  complex  uranyl  carbonate  anion,  UO2(CO3)34~. 
The  sodium  carbonate  process  is  inherently  more 


selective  than  the  sulfuric  acid  process.  This  is  be- 
cause nearly  all  metal  carbonates  except  the  alkali 
carbonates  are  insoluble  in  water  and  do  not  form 
complexes.  On  the  other  hand  the  dissolution  of 
uranium  minerals  in  carbonate  solutions  is  slow, 
elevated  temperatures  are  needed  for  the  attainment 
of  a  reasonable  leaching  rate  and  the  process  is 
finicky  in  regard  to  the  proper  proportioning  of  car- 
bonate to  bicarbonate  ion.  Finally,  the  concentration 
of  carbonate  and  bicarbonate  ions  in  the  solutions 
must  be  high.  Accordingly,  the  process  must  be  cyclic 
in  regard  to  carbonate.  In  general  when  the  uranium 
is  hexavalent  and  if  the  gang*ue  minerals  include  a 
substantial  proportion  of  alkaline-earth  carbonates, 
the  soda  ash  process  should  be  used.  When  the  gangue 
is  siliceous  the  sulfuric  acid  process  is  preferred, 
especially  if  the  uranium  is  in  part  at  least  in 
tetravalent  form. 

Other  solvents  for  uranium  have  been  suggested 
including  nitric  acid,  hydrochloric  acid  and  potassium 
carbonates.  These  solvents,  however,  offer  no  ad- 
vantages over  the  cheaper  sulfuric  acid  and  sodium 
carbonate.  The  one  exception  might  be  nitric  acid 
which  would  appear  peculiarly  well  suited  in  con- 
junction with  ether  or  like  material  in  a  solvent- 
extraction  step. 

Dissolution  of  uranium  minerals  in  an  aqueous 
solvent  is  but  the  first  step  in  the  leaching  process. 
Two  broad  classes  of  processes  are  used  for  the  sub- 
sequent recovery  of  the  dissolved  uranium.  In  one 
category,  the  pregnant  liquor  is  separated  from  the 
spent  residue  and  the  uranium  is  extracted  from  the 
liquor.  In  the  second  category  there  is  no  separation 
of  pregnant  liquor  but  rather  direct  removal  of 
uranium  from  the  liquor  while  in  presence  of  the 
spent  residue. 

SOLID-LIQUID  SEPARATION 

The  first  kind  of  process  clearly  involves  the  same 
unit  operations  that  are  currently  employed  in  the  re- 
covery of  gold  by  cyanidation.  These  unit  operations 
include  thickening  and  filtration.  Thickening  and  fil- 
tration are  more  expensive  and  technically  more  dif- 
ficult to  apply  in  acid  uranium  leaching  than  in 
cyanidation.  If  the  solvent  for  uranium  is  an  acid, 
the  residue  must  be  settled  in  acid  liquors  rather 
than  in  gently  alkaline  water.  Silicate  minerals,  par- 
ticularly clays,  are  more  difficult  to  flocculate  in  these 
liquors  than  in  lime  water  so  that  the  thickeners  have 
to  be  larger.  Alternatively,  special  flocculants  have  to 
be  used.  Among  these  special  flocculants  may  be 
mentioned  certain  polyelectrolytes  similar  to  those 
which  have  been  developed  for  soil  conditioning.  If 
filtration  is  used,  the  capacity  of  the  filters  in  the 
uranium  operations  is  reduced  as  compared  with 
their  capacity  in  cyanidation  for  gold,  and  more  units 
have  to  be  employed  to  do  the  job.  Furthermore, 
the  filters  as  well  as  the  thickeners  have  to  be  acid- 
proofed.  In  the  soda  ash  process,  filtration  and 
thickening  problems  are  relatively  simple  both  because 
the  pulp  is  hot  and  because  it  is  alkaline.  This  is  one 
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of  the  major  advantages  of  the  soda-ash  leaching 
method. 

PRECIPITATION  METHODS 

For  the  separation  of  uranium  from  the  pregnant 
liquor,  five  different  methods  have  been  used.  These 
are:  precipitation,  reduction  folloivcd  by  precipitation, 
electrolysis,  adsorption  on  anion-e.vchange  resins  and 
solvent  extraction. 

Precipitation  of  uranium  carries  over  into  ura- 
nium leaching  a  unit  operation  familiar  in  leaching 
for  other  metals,  Tn  the  case  of  aluminum  metallurgy 
for  example,  the  pregnant  solution  from  the  leaching 
of  bauxite  by  sodium  hydroxide  in  the  Bayer  process 
is  precipitated  by  reducing  the  alkalinity  or  by  cool- 
ing. In  the  same  way  uranium  can  be  precipitated 
using  an  alkali,  or  fluoride  ion,  or  phosphate  ion,  or 
with  hydrogen  peroxide.  These  precipitates  can  be 
made  quantitative  when  the  solutions  are  reasonably 
concentrated  so  that  the  spent  liquor  can  be  discarded 
if  it  is  not  valuable  for  other  reasons.  On  the  other 
hand  the  precipitation  processes  are  not  really  selec- 
tive enough  in  dealing  with  sulfate  liquors.  Iron,  in 
particular,  is  troublesome  when  the  hydroxide  pre- 
cipitation is  attempted.  To  utilize  precipitation  to 
recover  uranium  from  leach  liquors  and  at  the  same 
time  to  separate  uranium  reasonably  well  from  iron 
requires  boiling  of  the  muddy  ferric  hydroxide  pre- 
cipitate. This  operation  promotes  the  dehydration  of 
the  ferric  precipitate  and  reduces  the  uranium  car- 
ried with  it.  Precipitation  with  hydrogen  peroxide 
gives  a  pleasantly  granular  uranium  product  but  re- 
quires purification  of  the  pregnant  liquor  and  this  is 
an  onerous  requirement.  Finally,  the  process  de- 
mands a  substantial  excess  concentration  of  hydrogen 
peroxide  for  completion  of  precipitation  so  that  it  is 
of  doubtful  value  with  dilute  liquors.  Phosphate  and 
arsenate  precipitation  not  only  introduce  undesirable 
impurities  in  the  product  but  are  also  difficult  to 
carry  out  without  prior  purification  of  the  liquor. 

Precipitation  recovery  of  uranium  is  often  spec- 
tacularly improved  by  reduction.  In  the  case  of  acid 
liquors  this  can  be  done  by  passage  over  zinc  amal- 
gam, aluminum  or  iron,  precipitation  of  the  reduced 
uranium  resulting  from  addition  of  phosphate,  arse- 
nate or  fluoride.  In  the  case  of  carbonate  liquors  the 
reduction  and  precipitation  can  be  effected  simulta- 
neously by  hydrogen  reduction  over  a  nickel  catalyst 
at  elevated  temperature  and  pressure. 

Table  II  gives  an  indication  of  the  grade  of  precipi- 
tate and  of  the  precipitation  recovery  obtainable 
from  a  typical  acid  liquor. 

CYCLIC  ELECTROLYSIS 

The  third  method  by  which  uranium  may  be  re- 
moved from  pregnant  solutions  has  been  especially 
useful  in  dealing  with  carbonate  solutions.  It  will  be 
recalled  that  carbonate  leaching  requires  careful 
balance  of  carbonate  to  bicarbonate  ion.  A  deficiency 
of  bicarbonate  (at  same  carbonate  plus  bicarbonate) 
makes  it  much  more  difficult  to  leach  the  uranium.  It 


Table  II.    Grade  of  Uranium   Precipitate  and   Pre- 
cipitation   Recovery    From    a    Sulfuric    Acid    Leach 
Liquor  Containing  0.32  gm  U3O8  per  liter 


Precipitation  method  Grade,  </* 

Neutralization  with  magnesia  3.1 

Neutralization  with  magnesia, 
nitration  of  precipitate,  acid 
digestion  at  pH  3.5,  second 
nitration  and  precipitation  of 
nitrate  with  hydrogen  peroxide  86.8 
Reduction  of  liquor  followed  by 
phosphate  precipitation  69.8 


Precipitation 
recovery,  % 


9o.l 
98.7 


is  believed  that  this  is  to  be  traced  to  the  concomitant 
increase  in  the  hydroxyl  ion  concentration.  Con- 
versely, precipitation  of  dissolved  uranium  from  car- 
bonate solutions  is  easily  obtained  provided  the  pH 
is  increased.  This  can  be  done  elegantly  in  an  elec- 
trolysis cell  having  two  compartments  separated  by 
a  porous  diaphragm.  Bicarbonate  is  generated  at  the 
anode  and  hydrous  sodium  diuranate  is  precipitated 
at  the  cathode.  A  cyclic  process  can  then  be  arranged 
resulting  in  substantially  complete  reuse  of  car- 
bonate without  necessity  for  a  large  bleed  with  which 
to  discard  added  electrolytes.  The  problems  that  re- 
main in  such  a  process  are  the  freeing  of  spent  resi- 
due from  entrained  carbonate  and  the  practical  car- 
rying out  of  operations  at  elevated  temperatures. 

ANION  EXCHANGE  RESINS 

To  date  the  most  widely  used  process  for  removal 
of  uranium  from  solution  involves  the  use  of  auion- 
exchangc  resins.  These  resins  can  be  likened  to  a 
three-dimensional  coat  hanger  in  which  the  hooks 
are  all  occupied  by  anions  willing  to  trade  places  with 
less  labile  anions  such  as  sulfate,  bisulfate,  uranyl 
sulfate  complex  anions,  etc.  When  the  pregnant  liquor 
is  passed  over  a  column  of  beads  of  ion-exchange 
resin,  the  exchangeable  ions  in  the  resin  diffuse  out- 
ward in  each  bead  while  the  exchanging  ions  in  the 
liquor  diffuse  into  each  bead.  Eventually  all  the 
"hooks"  in  the  resin  are  occupied  by  the  most  tena- 
cious ion.  It  happens  that  resins  are  available,  such 
as  IRA-400,  Dowcx  SO,  Permutit  SK,  which  will 
preferentially  extract  uranium  sulfate  complex  ions 
and  uranium  carbonate  complex  ions  over  all  the 
other  ions  mentioned  so  far.  For  example,  these 
uranium-bearing  ions  will  displace  chloride,  nitrate, 
sulfate  and  bisulfate  ions. 

When  the  ion  exchange  resin  is  saturated  with 
uranium,  the  adsorption  process  is  reversed.  This  is 
done  by  passing  over  the  resin  bed  a  new  solution 
called  the  eluant  in  which  the  concentration  of  the 
ion  that  has  been  displaced  on  the  resin  by  the  ura- 
nium-bearing ion  is  drastically  increased.  This  causes 
uranium,  practically  alone  among  heavy  metals,  to 
appear  in  the  eluate  from  which  it  is  easily  recovered 
by  simple  precipitation.  This  precipitation  is  facili- 
tated by  the  relatively  high  uranium  content  of  a 
properly  engineered  eluate. 
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The  process  is  continuous  and  yet  intermittent  in 
the  sense  that  one  column  of  resin  is  first  exposed  to 
a  relatively  large  volume  of  pregnant  solution,  then 
washed,  then  exposed  to  a  relatively  small  volume  of 
eluant,  then  washed  again  before  the  cycle  is  resumed. 
Several  columns  are  therefore  employed  so  as  to  have 
some  on  elution  while  others  are  on  the  earlier  step 
of  exhaustion. 

Ion-exchange  resins  have  proved  themselves  satis- 
factorily long  lived.  The  mechanical  deterioration  of 
the  resin  beads  that  was  at  first  feared  was  not  en- 
countered. On  the  other  hand,  certain  ions  have 
occasionally  created  difficulties.  The  exact  form  of 
these  aggravating  complications  is  not  completely 
understood  and  is  still  under  study;  however,  some 
progress  has  been  made  in  identifying  the  offenders 
and  in  counteracting  them.  For  example,  a  resin 
which  had  been  used  on  acid  leach  liquors  on  a  Rand 
ore  showed  3.34%  S,  5.19%  SiO2  and  2.68%  Co 
when  received  for  study.  The  uranium  capacity  was 
only  31.5  grams  U3Og  per  liter  of  wet  settled  resin 
against  70  grams  in  fresh  resin. Purging  with  sodium 
hydroxide  removed  the  silica  without  changing  either 
sulfur  or  cobalt,  increasing  the  resin  capacity  to  37 
grams.  Alternatively  purging  with  sodium  sulfide 
and  sodium  hydroxide  reduced  the  sulfur  to  0.5%, 
removed  the  silica,  and  increased  the  capacity  to  40 
grams.  A  second  purging  with  ammonium  thio- 
cyanate  removed  the  cobalt,  too,  and  increased  the 
capacity  to  51  grams  per  liter. 

SOLVENT  EXTRACTION 

The  last  process  for  removal  of  uranium  from  preg- 
nant liquors  is  the  solvent  extraction  process.  In  this 
process  an  organic  liquid  is  contacted  with  the  preg- 
nant solution,  the  organic  liquid  being  selected  so 
that  it  will  offer  a  more  attractive  environment  than 
the  aqueous  solution  for  a  non-ionized  uranium  com- 
pound. Thus,  a  pregnant  solution  containing  nitrate 
ion  contains  also  a  small  but  not  inconsequential  con- 
centration of  unclissociated  uranyl  nitrate  molecules. 
This  form  of  uranium  is  very  soluble  in  ether  con- 
taining nitric  acid.  Accordingly,  when  an  organic 
phase  of  the  right  composition  is  contacted  with  the 
pregnant  solution,  uranium  passes  from  the  water  into 
the  organic  liquid  almost  without  impurity.  The 
reduction  of  non-ionized  uranyl  nitrate  in  the  aqueous 
phase  is  immediately  compensated  by  association 
of  uranyl  with  nitrate  ions  in  the  water  in  accordance 
with  the  well-known  principles  of  mass  action,  and 
the  extraction  of  uranium  from  water  to  organic 
liquid  proceeds  until  equalled  1>y  back-extraction. 
The  process  can  be  made  complete  by  design  of  a 
solvent  extraction  operation  consisting  of  more  than 
one  step,  arranged  counter-current  fashion. 

After  separation  of  the  phases  the  organic  liquid 
containing  uranium  is  backwashed  with  water  con- 
taining ions  at  other  concentrations  than  the  original 
pregnant  solution.  Under  these  circumstances  ura- 
nium backwashes  into  the  new  aqueous  phase  in  a 
practically  pure  form;  it  can  be  removed  from  this 


dissolved  state,  for  example,  by  precipitation  with 
ammonia.  Although  the  process  has  been  described 
here  as  using  ether  as  the  organic  liquid,  other  sol- 
vents are  also  suitable,  such  as  hexone,  or  a  mixture 
of  kerosene  with  tributyl  phosphate,  tri  w-octyl 
amine,  or  dodecyl  phosphoric  acid. 

The  solvent  extraction  process  has  been  found 
suitable  for  the  recovery  of  uranium  occurring  in 
minute  quantities  in  the  phosphoric  acid  made  from 
phosphate  rock. 

RIP  AND  SIP   PROCESSES 

It  was  indicated  above  that  jf  a  uranium  extraction 
process  of  the  second  category  was  employed,  it  was 
not  necessary  to  separate  the  pregnant  solution  from 
the  residue  prior  to  uranium  extraction.  Two  meth- 
ods for  doing  this  have  been  used,  one  employing 
anion-exchange  resins  and  the  other  solvent  extrac- 
tion. The  anion-exchange  or  resin-in-pulp  (RIP) 
processes  involve  the  moving,  counter-currently,  of 
an  ion-exchange  resin  and  the  ore  pulp.  The  spent 
liquor  and  suspended  residue  come  out  at  the  place 
where  the  fresh  resin  enters  and  the  uranified  resin 
comes  out  where  the  leached  ore  pulp  arrives.  Several 
methods  have  been  developed  for  this  counter-cur- 
rent movement  of  resin  and  pulp.  Most  methods 
depend  on  confining  the  resin  inside  of  a  container 
that  has  pores  small  enough  to  retain  the  resin  but 
large  enough  to  allow  as  free  passage  as  possible  of 
the  pulp  solids.  Development  of  processes  in  which 
the  resin  is  not  in  a  container  is  desired,  and  of 
course  work  is  being  done  in  this  field  at  present. 

Tn  the  application  of  solvent  extraction  to  leached 
pulps  a  great  opportunity  is  offered  for  improving 
on  the  operation  of  the.  usual  solvent  extraction.  This 
advantage  arises  from  the  fact  that  the  relative  vol- 
ume of  water  to  organic  phase,  during  the  exhaustion 
of  the  pregnant  liquor  can  be  reduced  by  one  or  two 
orders  of  magnitude.  Thus,  instead  of  conducting 
the  process  of  leaching  with  four  parts  of  water  to 
one  part  of  ore,  it  can  perhaps  be  carried  out  with 
one-fifth  part  of  water  to  one  part  of  ore.  This  gives 
a  twenty  fold  advantage  to  the  step  of  extracting  the 
uranium  by  the  solvent.  With  the  same  volume  of 
solvent  more  attractive  partition  can  be  obtained ;  or, 
alternatively,  a  solvent  giving  a  less  desirable  par- 
tition coefficient  may  be  selected,  its  other  advantages 
( such  as  non-flammability  or  cost )  receiving  more 
weight. 

The  solvent  extraction  process  in  pulp  (SIP)  can 
in  fact  be  conducted  under  conditions  where  the 
aqueous  phase  is  just  abundant  enough  to  wet  the 
solids,  causing  them  to  adhere  to  each  other,  forming 
plastic  granules  or  balls  and  permitting  to  avoid 
entirely  the  necessity  of  conducting  a  difficult  separa- 
tion of  sjient  solids  from  pregnant  solution. 

With  both  of  these  processes  the  ultimate  step  of 
recovering  the  uranium  from  ion-exchange  resin  or 
from  the  solvent  is  of  course  the  same  as  in  those 
cases  where  the  spent  waste  solids  are  first  separated 
from  pregnant  liquor. 
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PRECONCENTRATION 

To  round  out  the  application  of  leaching  to  the 
extraction  of  uranium,  it  is  appropriate  to  suggest 
that  combination  of  leaching  with  preconcentration 
may  be  advantageous.  In  some  instances  heavy  media 
or  other  gravity  separating  methods  can  be  employed 
to  reduce  the  quantity  of  ore  to  be  treated  for  the 
same  uranium  production.  In  other  cases  flotation 
preconcentration  can  be  used.  This  is  a  rather  new 
use  of  the  flotation  process  which  in  general  is  re- 
garded as  the  ultimate  process  in  a  concentration 
operation.  Here  it  is  viewed  primarily  as  a  preconcen- 
tration procedure  yielding  feed  for  a  leaching  plant. 
Still  another  use  of  flotation  preconcentration  is  in 
connection  with  ores  containing  a  considerable  pro- 
portion of  carbonate  minerals.  These  minerals  can 
be  floated  off  without  regard  to  the  uranium  distribu- 
tion, the  flotation  froth  going  to  a  carbonate  leaching 
plant  and  the  flotation  non-float  to  a  sulfuric  acid 
leaching  plant. 

SUMMARY 

To  summarize,  the  new  ideas  that  have  changed 
the  technology  of  uranium  leaching  since  the  war 
are  the  following:  (a)  use  of  continuous  leaching  in 
place  of  intermittent  leaching;  (b)  development  of 
vastly  improved  analytical  methods;  (c)  use,  when 
possible,  of  ambient  temperature;  (d)  choice  of 
liquors  as  non-corrosive  as  possible  for  the  mill 
equipment;  (e)  employment  of  an  oxidizing  agent 
where  reduced  uranium  minerals  occur  or  where 
uranium  minerals  are  mixed  with  reducing  minerals ; 
(/)  development  and  application  of  new  processes 
for  extracting  uranium  from  the  pregnant  liquors, 
including  cyclic  electrolysis,  adsorption  on  anion- 
exchange  resins  and  solvent  extraction;  (g)  inven- 
tion of  processes  (RIP  and  SIP)  that  avoid  the 
costly  step  of  separating  spent  solids  from  pregnant 


liquor;  and  (h)  combination  of  leaching  with  pre- 
concentration processes. 
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Some  Unusual  Problems  Met  in  the  Recovery  of 
Uranium  from  a  Very  Low-Grade  Ore 


By  M.  D.  Hassialis  and  R.  C.  Musa,*   USA 

The  Chattanooga  shale  formation  is  divided  into 
five  lithologic  units  designated  by  Conant1  as  Top 
Black  shale,  Upper  siltstone,  Middle  Black  shale, 
Middle  Grey  siltstone,  Lower  Black  shale  and  termed 
by  Stockdale  2  simply  as  E,  D,  C,  B  and  A  respec- 
tively. The  Gassaway  member  which  is  comprised  of 
units  C,  D  and  E  and  is  about  17  ft  thick  has  been 
examined  as  a  potential  uranium  ore.  A  typical 
mineralogical  composition  as  determined  by  Bates3  is 
given  in  Table  I.  Its  uranium  content  is  extremely 
low  ranging  from  0.005-0.0065%  U.  As  a  direct 
consequence  of  this  very  low  grade  a  systematic 
search  for  bcneficiation  methods  encounters  unusual 
problems,  some  of  which  are  completely  novel  while 
others  are  problems  which  normally  have  no  practical 
significance  with  higher-grade  ores. 

A  common  point  of  departure  in  the  search  for 
ore-dressing  methods  is  knowledge  of  the  minera- 
logy with  particular  emphasis  on  the  uranium  mine- 
rals and  their  dissemination  throughout  the  ore.  In 
the  case  of  the  Gassaway  member  the  dissemination 
is  so  fine  that  no  uranium  minerals  have  been  isolated 
or  identified.  To  resolve  this  difficulty  statistical 
techniques  were  used  to  establish  the  existence  of 
associations  in  geometry  or  behavior  between  the 
uranium  and  the  other  minerals  of  the  shale. 

Application  of  the  method  involves  the  production 
of  samples  of  shale  exhibiting  variations  in  uranium 
content  and  variations  in  the  other  variables  with 
which  association  is  to  be  established.  Typical  are 
the  samples  given  in  Table  II  which  were  produced 
by  passing  a  sample  of  Top  Black  shale  through  a 
micronizer  set  to  give  —  20-micron  material  which 
was  then  infra-sized  into  a  number  of  settling-rate 
fractions.  Each  product  was  assayed  for  uranium, 
pyrite  and  carbon  with  the  results  given  in  columns 
2,  3  and  4.  It  should  be  noted  that  figures  given  for 
pyrite  are  somewhat  unreliable  since  the  incon- 
sistency of  X-ray  analyses  forced  the  use  of  a  chemi- 
cal method  based  on  the  acid  solubilities  of  the 
various  iron-bearing  minerals.  Total  iron  is  deter- 
mined by  digesting  the  sample  with  HF-HNO3. 
Soluble  iron  is  determined  by  digesting  100  mg  of 
sample  for  /2  hr  with  10  ml  of  1 : 1  HC1  and  5  ml 
of  1 :1  H2SO4,  then  filtering,  washing  residue  with 
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100  ml  of  hot  water  and  determining  iron  colori- 
metrically  on  an  aliquot  of  the  filtrate.  Pyrite-marca- 
site  is  determined  by  treating  the  above  residue  with 
15  ml  of  1  :  1  HNO3  for  /2  hr,  filtering,  washing  with 
250  ml  of  hot  water  and  determining  iron  colori- 
metrically  on  an  aliquot  of  the  filtrate.  As  a  check,  a 
second  residue  is  digested  with  10  ml  of  cone.  HC1 
and  5  ml  cone.  HNO3  for  ]/2  hr,  filtering,  washing 
with  250  ml  of  hot  water  and  testing  an  aliquot  of 
the  filtrate.  The  HNO3  and  aqua  regia  results 
should  agree  within  5%  or  less. 

If  U,  C,  P  denote  the  uranium,  carbon  and  pyrite 
assays  respectively,  C  and  P  the  mean  carbon  and 
pyrite  assays,  a  the  uranium  content  when  C  and  P 
are  at  their  means,  while  bi  and  &2  denote  the  rates 
of  increase  of  U  with  C  and  P  when  P  and  C  are 
held  constant,  then  assuming  a  linear  relationship 
between  U,  C  and  P  we  may  write 


U  = 


—  C) 


P) 


This  may  be  rewritten  as 
U  =  d  + 


(1) 


where  d  =  a  +  b^C  +  b-^P.  Using  the  standard  meth- 
ods4 of  multiple  correlation,  the  following  partial 
correlation  coefficients  were  obtained: 

0.85  =  correlation  coefficient  of  uranium  with 
carbon,  pyrite  being  held  constant. 

0.33  =  correlation  coefficient  of  uranium  with 
pyrite,  carbon  being  constant. 

The  latter  coefficient  is  not  statistically  significant. 
This  is  more  apparent  if  the  constants  are  put  into 
Equation  1  together  with  their  95%  confidence  limits. 
There  results 

U  =    (0  ±  20)  X  10-4  +  (5.2  ±  1.3)  X10-4C   + 
(1.0  ±1.0)  X  lO-4?  (2) 

It  follows  that  60-100%  of  the  uranium  is  associated 
with  carbon  and,  since  99%  of  the  carbon  in  shale 
derives  from  kerogen,  the  association  is  with  kero- 
gen;  0-28%  of  the  uranium  is  associated  with 
pyrite  ;  and  0-25%  is  associated  with  material  other 
than  kerogen  and  pyrite,  i.e.,  the  silicates  and  clays. 
The  proper  conclusion  is  that  (80  ±20)%  of  the 
uranium  associates  with  organic  matter  and  any 
uranium  which  does  not  so  associate  may  with  almost 
equal  confidence  be  associated  with  pyrite  or  with 
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Table  1.  Typical  Mineralogical  Composition 
of  Chattanooga  Shale 

and  is,  in  fact,  equally  denied  by  statistical  calculation. 
Leaching  as  a  method  of  beneficiation  owes  its  im- 
portance to  its  ability  to  select  values  on  a  molecular 
scale,  hence   its   increasing  utility  in  the   recovery 
of  complex,  finely-disseminated  values.  It  is  a  func- 
tion of  a  large  number  of  operational  variables  which 
may  be  divided  roughly  into  physical  and  chemical 
factors.  Whereas  the  chemical  factors  suffer  little 
change  as  the  grade  of  the  ore  decreases,  the  relative 
importance  of  the  physical  factors  changes  drastically 
often  to  the  point  of  becoming  controlling. 
Successful  leaching  of  the  values  from  an  ore  is 
based  upon  satisfaction  of  the  following  criteria:  (1) 
The  values  to  be  leached  must  be  exposed.  (2)  The 
exi>osed  sites  of  the  values  must  be  accessible  to  the 
leaching  agent.  (3)  The  values  or  a  reaction  product 
of  the  values  and  a  component  of  the  leach  solution 
must  be  soluble  in  the  leach  liquor.    (4)    Practical 
transport  of  the  values  from  the  exposed  site  to  the 
main  body  of  the  leach  liquor  must  take  place. 
Exixxsure  of  the   values   is   usually  achieved  by 
breakage  or  by  chemical  or  thermal  removal  of  a 
portion  of  the  protective  shell.  Exposure  does  not 
mean  liberation  of  values  as  in  flotation,  it  means  only 
the  existence  of  an  opening  to  the  outside.  Thus  a 
mass  of  value  completely  enclosed  within  a  leaching- 
agent-impermcable  shell  is  neither  exposed  nor  liber- 
ated. If,  however,  a  small  adit  exists  connecting  this 
mass  of  value  to  the  outside  and  through  which  leach- 
ing liquor  may  move,  the  value  is  exposed  though  not 
liberated.   When   transport   of  values  and   leaching 
solution  through  this  adit  is  so  slow  that  only  neglig- 
ible amounts  of  the  values  can  be  moved  to  the  out- 
side in  reasonable  time,  the  exposure  is  not  practical 
and  the  values  may  be  said  to  be  unexposed. 
Accessibility  of  the  values  does  not  automatically 
follow  their  exposure.  Thus,  in  the  example  used 
above,  if  the  adit  is  entered  by  a  leaching  solution 
which  makes  a  contact  angle  of  more  than  90  degrees 
with  the  walls  of  the  adit,  movement  of  the  leaching 
solution  into  the  adit  will  cease.  Accessibility  may  be 
achieved   under   those   circumstances   by   increasing 
pressure  or  by  changing  the  contact  angle  by  means 
of  a  suitable  surface-active  agent. 
Once  the  leaching  solution   reaches  the  exposed 
site,  it  must  be  able  to  dissolve  the  values  directly  or 
first  react  with  them  to  produce  a  soluble  product; 

Table  III.     Uranium  Extraction  vs  Clay  and  Pyrite 
Remaining  in  the  Residue 

Quartz  -f  feldspar                 58.38% 
Clay                                      11.44% 
Pyrite                                       8.14% 
Carbon                                    9.62% 
Hydrogen                                1.03% 
Organic  sulfur                        2.19% 
Fe203                                     3.19% 
A12O3                                    3.29% 

the  silicates-clays  or  with  both.  In  a  concurrent  study 
Bates3  reports  a  correlation  coefficient  of  0.698  for 
U  vs  C  and  a  coefficient  of  +0.567  for  U  vs  pyrite 
and  negative  correlation  coefficients  of  —0.809,  —0.70 
and  —0.763  for  U  vs  clay,  quartz  and  Fe2Os  re- 
spectively. 
Similar  techniques  were  used  to  associate  the  ura- 
nium  which  is  more   refractory  to   leaching  with 
various  components  of  the  ore.  Table  III  gives  a 
comparison  between  uranium  extracted  at  a  variety  of 
acid  concentrations  together  with  the  relative  X-ray 
line  intensities  for  clay  and  pyrite  determined  on  the 
residue  from  a  raw-shale  leach.  Leaching  was  per- 
formed at  90-100°C  on  —400  mesh  shale  for  a  period 
of  2  hr.  Although  there  does  exist  a  concomitant  in- 
crease with  uranium  extraction  with  clay  transforma- 
tion, a  statistical  check  of  the  hypothesis  that  the 
refractory  uranium  is  associated  with  the  clay  leads 
to  a  negative  conclusion.  The  increase  of  uranium 
ex-traction  with  pyrite  transformation  is  less  apparent 

Table  II.     Assays  of  Infrasizer  Fractions 
of   a   Micronized    Raw   Shale 

Sample  no.              L'ramum,  '  i              Pynte,  'i               Carbon,  r/v 

A44-1                  0.0084                   11.6                   14.09 
A44-2                  0.0090                   13.4                   14.25 
A44-3                 0.0093                  14.2                   14.74 
A44-4                 0.0083                   14.2                    13.49 
A44-5                  0.0064                   10.6                      9.89 
A44-6                 0.0065                   10.3                   10.08 
A44-7                 0.0074                  13.2                   11.74 
A44-8                 0.0098                   16.9                   11.67 
A44-9-1               0.0084                   10.5                    14.38 
A44-9-2              0.0100                  11.7                   14.61 
A44-9-3               0.0093                   13.0                    14.04 
A44-9-4               0.0088                   13.6                    14.68 
A44-9-5               0.0074                   10.1                    12.51 
A44-9-6              0.0083                   11.7                    13.01 
A44-9-7               0.0091                   10.4                   15.20 
A44-9-8               0.0104                    7.4                    17.31 
44-9-1                  0.0078                   10.8                    13.36 
44-9-2                 0.0085                   12.8                   14.03 
44-9-3                  0.0085                   13.2                    14.15 
44-9-4                 0.0080                   12.5                    11.71 
44-9-5                 0.0071                   11.0                   11.29 
44-9-7                 0.0085                   10.4                   13.11 
44-9-8                 0.0099                     7.3                   14.53 
44-1                     0.0082                    10.6                    13.29 
44-2                     0.0087                   11.6                   13.42 
44-3                     0.0082                   13.5                   13.21 
44-4                     0.0078                   12.1                    11.48 
44-5                     0.0067                   11.4                     9.99 
44-7                    0.0073                  11.7                   11.51 

Mean                  0.00834                 11.87                 13.13 

Relative  line  intensities 

Cone.  HzSOi                 </,  1-                           Clay                       Pvritc 
%  by  wt                   extracted             d  —  9.HK-10.14         d  —  2.715  2.718 

0                      10.0                     23.0                     0.3 
5                      73.3                     34.5                     9.1 
15                     81.0                     30.0                     8.3 
25                     83.3                     21.2                     9.7 
35                     84.0                     22.5                     8.3 
50                     84.7                       9.9                     6.6 
65                     92.7                       5.8                     7.4 
75                     94.0                      0.0                     8.1 
90                     94.0                       0.0                      1.8 
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Figure  1.  Uranium  recovery  with  H-SOi  and  Na2CO»  and 
porosity  vs  temperature  of  roast 

in  this  manner  immobile  values  are  given  mobilit} . 
This  vital  element  of  leaching  is  primarily  chemical 
in  nature. 

The  values  now  mobilized  by  dissolution  must 
move  out  through  the  adit  to  join  the  main  body  of 
the  leaching  solution.  This  transportation  of  values 
may  take  place  convectively  or  diffusionally.  In  gene- 
ral, transport  from  sites  exposed  at  the  surface  of 
a  particle  may  be  made  convective  by  agitation ;  how- 
ever transport  from  interior-surface  sites  is  usually 
diff  visional. 

It  should  be  noted  that  all  of  these  criteria,  except 
the  third,  are  of  a  physical  nature.  The  problem  of 
finding  suitable  parameters  to  characterize  the  physi- 
cal aspects  of  the  leaching  problem  has  not  received 
the  attention  it  merits.  With  reference  to  shale,  an 
exploratory  program  was  based  on  determination  of 
pore-size  distribution5  arbitrarily  divided  into  macro- 
and  microporosity,  specific  surface,0*7  permeability,8 
and  diffusivity.  It  was  recognized  that  these  para- 
meters were  not  truly  independent  but  it  was  not 
initially  possible  to  select  between  them  on  the  basis 
of  the  original  model  assumed  for  the  ore.  This 
model  envisaged  very  fine  inorganic  particles  of 
quartz  pyrite,  illite,  feldspar,  chlorite,  marcasite  and 
of  accessory  minerals  embedded  in  a  continuous 
matrix  of  an  organic  material  called  kerogen,  the 
inorganic  particle  being  arranged  in  strata.  The 
uranium  was  assumed  to  be  dispersed  in  the  organic 
phase  or  at  the  organic-inorganic  interfaces.  It  was 
assumed  that  pyrolysis  of  kerogen  followed  by  evapo- 
ration of  the  volatile  decomposition  products  would 
not  result  in  loss  of  uranium.  Thus  thermal  treatment 
of  the  shale  should  expose  the  uranium  which  should 


transfer  from  the  decomposed,  volatilized  and  oxi- 
dized kerogen  to  the  surface  of  the  inorganic  minerals. 

Samples  were  thermally  treated  at  a  variety  of  con- 
ditions, their  physical  parameters  determined  and 
their  leachability  measured  by  means  of  5%  H2SO4. 
Figure  1  shows  the  porosity  developed  and  the  ex- 
traction achieved  for  a  variety  of  J/2  hr  thermal 
treatments,  while  Fig.  2  shows  macro-  and  micro- 
porosity  achieved  for  72-hr  roasts.  It  should  be  noted 
that  total  porosity  is  predominantly  macroporosity. 
For  most  temperatures  below  390°  C  no  correlation 
is  apparent  between  extraction  and  any  porosity. 
From  390°C  to  about  550°C  the,  correlation  between 
extraction  and  macro-  or  total  porosity  is  excellent 
and  is  independent  of  chemical  nature  of  the  leaching 
agent.  It  should  also  be  noted  that  the  correlation  be- 
tween extraction  and  macroporosity  shown  in  Fig.  2 
for  a  72-hour  roast  is  equally  good  though  the  chemi- 
cal nature  of  the  two  roasted  materials  differs.  As 
may  be  seen  from  Fig.  3,  S  and  C  are  eliminated  at 
450-500° C  and  320°  C  respectively,  hence  shorter 
roast  times  give  products  containing  more  C  and  S. 
In  spite  of  this  different  chemical  environment,  the 
correlation  persists.  Note  also  that  the  development 
of  macroporosity  is  coincident  with  carbon  and  sul- 
fur removal. 

Microporosity  and  specific  surface  are  not  too  sur- 
prisingly correlated  as  may  be  seen  in  Fig.  4.  Further 
X-ray  data  show  that  microporosity  develops  as 
pyrite  is  converted  to  what  is  probably  a  spongy 
iron  oxide.  The  peak  in  microporosity  at  550° C 
corresponds  to  an  unexplained  peak  exhibited  by 
differential  thermal  analysis.  Subsequent  loss  in 
microporosity  is  associated  with  sintering  effects.  In 
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Figure  2.  Micro-  and  macroporosity  and  recovery  vs 
roasting   temperature 
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the  region  above  650°C  extraction  correlates  with 
microporosity.  This  and  other  evidence  not  herein 
presented  points  strongly  to  the  conclusion  that  for 
constant  chemistry  the  exposure  of  uranium  sites 
and  the  transport  out  of  pores  controls  recovery. 
Conversely,  for  constant  physical  character  the  chemi- 
cal nature  of  the  leaching  agents  controls. 

The  unusual  features  of  the  problem  of  recovering 
uranium  from  leach  solutions  derived  from  low- 
grade  ores  stem  from  the  fact  that  the  applicable 
methods  must  be  made  to  work  at  the  extreme  low 
end  of  the  range  of  utility.  All  leaching  operations 
result  in  a  dilution  of  uranium  owing  to  a  change  in 
density  and  volume  of  the  carrier.  The  main  factors 
are  the  ratio  of  weight  of  leaching  solution  per  unit 
weight  of  ore  (which  is  normally  the  pulp  density) 
and  the  ratio  of  weight  of  washing  solution  per  unit 
weight  of  ore.  The  sum  of  these  two  ratios  is  the 
over-all  dilution  factor,  which  may  be  as  low  as  1  or 
as  high  as  7  with  3  a  not  improbable  average.  Thus, 
an  ore  assaying  0.01%  or  100  ppm  of  uranium  which 
is  leached  with  a  92%  recovery  at  an  over-all  dilution 
factor  of  4  will  give  a  leach  solution  containing 
100  X  0.9/4  =  23  ppm.  An  ore  assaying  0.1%  will 
give  under  similar  conditions  a  leaching  solution  con- 
taining 230  ppm.  It  is  apparent  that  for  equal  re- 
covery and  dilutions  the  grade  of  ore  controls  the 
concentration  of  the  leaching  solution. 

Virtually  all  solution  processing  is  currently  being 
accomplished  by  ion-exchange  resins.  Figure  5  shows 
an  estimate  of  the  cost  of  processing  solutions  of 
varying  uranium  content.  The  estimate  is  based  on 
a  plant  processing  500,000  Ib  of  uranium  per  year 
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Figure  3.  Sulphur  and  carbon  content  vs  roasting  temperature 


Figure  4.  Microporosity  and   specific  surface  vs 
roasting  temperature 

from  a  clarified  leach  solution;  a  10-year  resin  life 
being  assumed.  Resin  "poisoners"  present  in  the 
solution  will,  by  shortening  resin  life,  increase  costs. 
Since  resin  capacity  falls  off  sharply  with  decreasing 
pH  below  a  pH  =1.4  costs  will  increase  exponen- 
tially. Note  the  sharp  rise  in  costs  of  ion-exchange 
at  solution  concentrations  below  50  ppm. 

The  most  desirable  method  of  using  ion-exchange 
is  by  putting  the  resin  in  the  pulp.  This  eliminates 
the  need  for  residue  washing  so  that  a  lower  dilution 
factor  is  used  and  it  avoids  filtration.  For  these 
reasons,  although  there  are  greater  resin  losses  and 
resin  handling  costs,  there  is  an  over-all  economy. 

The  use  of  a  continuous  ion-exchanger  offers  the 
attractive  feature  of  a  saving  in  resin  inventory  by 
a  factor  of  4.  Counterbalancing  is  the  need  to  sepa- 
rate sands  from  slimes  and  the  additional  grinding 
cost  which  may  be  carried  to  reduce  all  the  ore  to  a 
suitable  size.  No  decision  on  principle  is  apparent, 
rather  each  case  will  have  to  be  judged  individually. 

The  steep  rise  in  costs  for  ion-exchanging  of  clari- 
fied solutions  containing  less  than  50  ppm  uranium, 
may  be  expected  to  hold  also  for  the  other  ion-ex- 
change techniques.  It  is  due  to  a  drop  in  uranium 
capacity  of  the  resin  with  decreasing  concentration. 
The  use  of  a  cascade  resin-in-pulp  system  or  of 
cascade  leaching  of  slimes  in  conjunction  with  a  con- 
tinuous exchanger  may  serve  to  shift  the  onset  of 
the  steep  rise  in  cost  towards  lower  concentrations. 

Another  method  of  recovering  uranium  from  leach 
liquors  is  liquid-liquid  solvent  extraction.  Its  cost 
is  comparable  to  the  cost  of  ion-exchanging  clarified 
solutions  but  not  to  resin-in-pulp  and  continuous 
ion-exchanging  techniques.  If,  however,  a  pH  below 
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Figure  5.  Estimated    cost    of    processing     clarified     solutions    for 
uranium.  Basis  is  500,000  pounds  annual  uranium  production 

1.0  must  be  maintained,  then,  since  the  extractants 
tend  to  retain  their  effectiveness  while  resins  lose 
theirs,  solvent  extraction  becomes  very  attractive — 
particularly  since  there  are  some  indications  that 
solvent  extraction  may  be  used  with  slimes  without 
excessive  emulsification  or  reagent  loss  due  to  chemi- 
sorption  or  reaction  with  the  ore. 

The  factors  which  affect  economy  and  which  stem 
from  the  fact  that  the  grade  of  the  leach  solution  is 
very  low  are : 

Entraiiunent  losses,  i.e.,  loss  of  organic  phase  to 
aqueous  phase  by  dispersion  of  the  former  in  the 
latter.  This  is  dependent  upon  extraction  equipment, 
volume  of  aqueous  throughput  and  on  the  presence 
of  chemicals  or  colloidal  solids  capable  of  stabilizing 
the  dispersion.  Hence,  decreasing  uranium  concen- 
tration with  its  reciprocal  increase  of  volume  of 
aqueous  phase  per  unit  weight  of  uranium  recovered 
leads  to  an  increase  in  entrainment  loss  per  unit 
weight  of  uranium.  Hence  if  the  cost  of  extractant 
due  to  entrainment  loss  per  unit  weight  of  uranium  is 
to  be  kept  constant,  the  entrainment  loss  per  volume 
of  solution  treated  must  be  decreased  in  proportion 
to  the  decrease  in  concentration. 

Solubility  losses,  i.e.,  losses  of  organic  diluent  or 
of  extractant  to  the  aqueous  phase  are  directly  pro- 
portional to  the  volume  of  aqueous  throughput. 
Hence,  solubility  losses  increase  as  concentration 
decreases.  So,  to  keep  the  cost  of  solubility  losses 
per  unit  weight  of  recovered  uranium  constant,  the 
solubility  losses  per  unit  volume  of  aqueous  phase 


must  be  decreased  in  proportion  to  the  decrease  in 
uranium  concentration.  If  the  extractant  is  more 
costly  than  the  diluent  (which  it  usually  is)  then  an 
increase  in  the  distribution  coefficient  will  permit  a 
decrease  in  ratio  of  extractant  to  diluent,  hence,  for 
equal  entrainment  loss  of  these  solvents  a  saving  in 
cost  is  effected. 

Stripping  reagent  costs  per  unit  weight  of  ura- 
nium processed  and  regeneration  reagent  cost,  where 
necessary,  vary  inversely  with  the  uranium  concen- 
tration in  the  extract  solution.  At  low  uranium 
levels,  the  equilibrium  distribution  coefficient,  ura- 
nium concentration  in  organic  phase  per  unit  uranium 
concentration  in  aqueous  phase,  is  essentially  inde- 
pendent of  concentration  so  that  reagent  costs  per 
unit  weight  of  uranium  processed  vary  inversely  with 
the  product  uranium  concentration  in  the  aqueous 
phase  multiplied  by  the  distribution  coefficient. 

Entrainment  loss  is  a  problem  of  equipment  and 
its  operation.  In  order  to  cut  down  contact  time, 
good  contacting  of  the  two  phases  is  required.  This 
is  usually  produced  by  turbulence,  a  condition  which 
normally  aggravates  entrainment  and  emulsification. 
Development  of  more  insoluble  solvents  and  ex- 
tractants will  reduce  .solubility  losses.  Development 
of  a  high  distribution-coefficient  extractant  (which 
normally  implies  good  selectivity  for  uranium)  will 
reduce  stripping  and  regeneration  plant  size  and  cost. 
Of  all  the  factors  the  most  critical  for  the  extraction 
from  low-grade  solutions  are  entrainment  and  solubil- 
ity losses. 
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SUMMARY 

To  be  soluble  in  carbonate  solutions,  uranium  must 
be  in  the  hexavalent  (uranyl)  state.  If  it  exists  in 
the  plus  4  state,  it  first  must  be  oxidized,  preferably 
by  the  oxygen  in  air  at  temperatures  in  excess  of 
71°C  (160°F). 

There  are  three  modifications  of  the  current  com- 
mercial carbonate  leaching  practice. 

1.  The  salt- roast  carbonate  leach,  in  which  high- 
vanadium  carnotite-type  ores  are  roasted  with  sodium 
chloride  and  then  leached  with  carbonate  solutions. 
This  type  of  plant  is  typified  by  the  Monticello,  Utah, 
plant  of  the  US  AEC, 

2.  A  raw-ore  leach,  in  which  oxidized  ores  are 
leached  in  sodium  carbonate-bicarbonate  solution  at 
substantially    atmospheric    pressure.    This    type    of 
plant  is  typified  by  the  Grants,  New  Mexico,  plant  of 
the  Anaconda  Copper  Mining  Company. 

3.  A  raw-ore  leach,  in  which  partly  oxidized  or 
primary  ores  (pitchblende,  uraninite)  are  leached  in 
sodium  carbonate-bicarbonate  solutions  at  elevated 
temperatures  in  the  presence  of  an  oxidizing  agent 
such  as  potassium  permanganate  or  air.  This  method 
is  typified  by  the  Beaveriodge,  Saskatchewan,  Ily- 
drometallurgical  Plant  of  Eldorado  Mining  and  Re- 
fining Limited. 

Simplified  flowsheets  of  these  plants  are  presented. 

INTRODUCTION 

In  the  chemical  processing  of  low-grade  uranium 
ores,  either  acids  or  carbonate  reagents  may  be  used 
as  lixiviants  for  dissolving  the  uranium.  This  paper 
discusses  the  carbonate  leaching  methods  most  com- 
monly used  and  gives  examples  of  operating  mills 
that  use  each  of  the  three  modifications  of  the  car- 
bonate leaching  flowsheet. 

Before  describing  the  details  of  the  carbonate 
methods,  the  principal  reasons  for  using  such  a 
system  should  be  considered.  For  example,  the  alka- 
line leach  has  found  favor  because  the  corrosion 
problems  in  such  a  system  are  negligible  as  compared 
with  those  encountered  in  acid  circuits.  In  most  varia- 
tions of  the  process,  the  bulk  of  the  reagents  used 
for  leaching  can  be  reclaimed  and  returned  to  the 
plant.  For  uranium-bearing  limestones  and  other 
high  lime  (CaO)  ores,  acid  consumption  would  be 
prohibitive  and  a  carbonate  circuit  must  be  used. 
Carbonate  leaches  are  almost  specific  for  uranium 
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and  vanadium,  a  fact  which  simplifies  recovery  of 
the  values  from  solution.  Sodium  carbonate  is  a 
relatively  cheap  reagent  and  offers  few,  if  any,  dis- 
posal problems. 

In  spite  of  these  advantages,  carbonate  is  not  ideal 
in  many  respects.  Among  its  disadvantages  is  the 
fact  that  it  is  seldom  possible  to  get  extractions  quite 
.so  good  as  those  obtained  with  acid.  It  is  not  suitable 
for  ores  high  in  gypsum  or  sulfides.  Thickening  and 
filtering  (in  the  absence  of  flocculents)  are  difficult 
operations  with  carbonate  solutions,  and  there  are 
numerous  refractory  uranium  minerals  such  as  euxe- 
nite,  betafite,  samarskite,  brannerite,  and  davidite 
which  are  not  attacked  significantly  by  carbonate 
solutions  without  a  prior  fusion  step. 

In  North  America,  the  carbonate  leaching  system 
is  being  used  in  three  modified  forms,  all  of  which 
use  mixtures  of  sodium  carbonate  and  sodium  bi- 
carbonate in  aqueous  solution  as  leaching  agents. 
These  three  modifications  arc: 

1.  The  salt-roast  carbonate  leach  process,  in  which 
high-vanadium  carnotite-type  ores  are  first  roasted 
with  sodium  chloride  and  then  leached  in  sodium 
carbonate  solutions. 

2.  A  raw-ore  leach,  in  which  highly  oxidized  ores 
are  leached  in  sodium  carbonate-sodium  bicarbonate 
solutions  at  atmospheric  pressure. 

3.  A  raw-ore  leach  method,  in  which  unoxidized 
or  primary  ores  are  leached   in   sodium  carbonate- 
sodium   bicarbonate   solutions   at  elevated  tempera- 
tures in  the  presence  of  an  oxidizing  agent  such  as 
potassium  permanganate  or  air. 

CHEMISTRY  OF  CARBONATE  LEACHING 

In  all  three  principal  modifications  of  the  carbo- 
nate leaching  process,  the  uranium  eventually  goes 
into  solution  as  sodium  uranyl  tricarbonate, 
Na4UO2  ( COa )  3  .  However,  in  each  system,  the 
chemical  reactions  involved  in  reaching  this  endpoint 
differ.  The  principal  chemical  reactions  involved  in 
salt  roasting,  leaching,  precipitation,  and  reagent 
regeneration  are  discussed  in  the  following  sections 
of  this  paper. 

Salt  Roasting 

The  salt  roasting  process1  was  devised  as  a  method 
for  extracting  vanadium  from  oxidized  carnotite 
ores  and,  as  a  result,  much  of  its  chemistry  is  as 
much  concerned  with  vanadium  recovery  as  with 
uranium.  Salt  roasting  does  not  improve  the  extrac- 
tion of  uranium  from  carnotite  ores  over  that  which 
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Figure  1.  Effect  of  salt-roasting  temperature  on  extraction  of  ura- 
nium   and    vanadium    in    sodium    carbonate-sodium    bicarbonate 
solutions 


can  be  obtained  from  a  sodium  carbonate-sodium 
bicarbonate  leach  of  the  unroastcd  ore  (Fig.  1),  but 
it  improves  vanadium  extraction  materially.  Tn  fact, 
poor  temperature  control  during  roasting  may  result 
in  uranium  extractions  which  are  inferior  to  those 
obtainable  in  leaching  the  unroasted  ore.  This  situa- 
tion results  from  the  fact  that  in  salt  roasting,  four 
distinct  physical  or  chemical  changes  occur  as  a 
function  of  temperature.  For  example,  with  carnotite 
these  are : 

1.  Temperature   range  to  350°C    (662°F).   The 
mineral  carnotite  is  stable  and  remains  soluble  in 
NaoCO3-NaHCO3  solutions. 

2.  Temperature  range  of  350°C  ( 662°  F )  to  600° C 
(1112°F).  The  mineral  carnotite  loses  its  water  of 
hydration  and/or   decomposes  to  form   a   uranium 
complex   which   is   insoluble   in   Na2CO.i-NaIICO3 
solutions. 

3.  Temperature    range   of   6QO°C    (1112°F)    to 
850° C  (1562°).  Sodium  chloride  reacts  with  vana- 
dium minerals  to  form  sodium  vanadates.  Sodium 
vanadates  react  with  uranium  compounds  to  form 
sodium    uranyl    vanadates    which    are    soluble    in 
Na2CO3-NaHCO3  solutions. 

4.  Temperature   range   of   850°C    (1S62°F)    to 
1000° C    (1832°F).   Sodium  uranyl   vanadates  and 
sodium  vanadates  decompose  or  react  with  silica  to 
form    silicates    which   are    insoluble   in    Na2COs- 
NaHCO3  solutions. 

Because  reaction  3  is  reversible,  it  is  necessary  to 
quench  the  roasted  ore  as  rapidly  as  possible  after 
roasting  to  prevent  the  sodium  uranyl  vanadate 
from  reverting  to  a  sodium  vanadate  and  an  insoluble 
uranium  complex.  Similar  reactions  occur  with  other 
uranium  minerals  and  compounds. 

The  actual  soluble  uranium  compound  formed  in 


the  salt-roasting  step  is  a  complex  vanadate ;  so  salt 
roasting  is  not  a  feasible  method  for  converting  ura- 
nium minerals  to  the  carbonate-soluble  form  unless 
sufficient  vanadium  is  present  in  the  ore  to  form  the 
sodium  uranyl  vanadate. 

In  salt  roasting  ores  high  in  calcium  carbonate, 
there  is  a  tendency  for  calcium  uranates  to  form  in 
preference  to  sodium  uranyl  vanadates.  Because  the 
calcium  uranates  which  form  are  not  soluble  in 
NaaCOs^NaHCOa  solutions,  it  is  not  possible  to 
extract  uranium  efficiently  from  high-lime  ores  after 
a  normal  salt  roast.  This  difficulty  can  be  overcome 
in  part  by  the  artificial  addition  of  a  sufficient  amount 
of  excess  vanadium  in  the  form  6f  V2O5  to  react  with 
the  calcium  carbonate  to  form  soda-soluble  calcium 
vanadate  in  preference  to  insoluble  calcium  uranates. 

Leaching 

In  natural  ores  or  in  roasted  products,  uranium 
usually  is  found  in  either  the  quadrivalent  (uranous ) 
or  the  hcxavalent  (uranyl)  state.  To  dissolve  in  car- 
bonate solution,  that  is,  to  be  capable  of  forming  the 
uranyl  tricarbonate  complex  anion.  the  uranous  form 
must  be  oxidized  to  the  uranyl  form.  This  oxidation 
can  be  accomplished  with  the  oxygen  of  the  air  dur- 
ing dry  roasting  or  by  bubbling  air  through  an 
aqueous  suspension  of  ground  ore.  The  rate  of 
oxidation  is  great  enough  to  be  useful  at  tempera- 
tures in  excess  of  about  71°C  (160°F).  Potassium 
permanganate  is  an  effective,  though  somewhat  ex- 
pensive, oxidant. 

In  the  oxidized  uranium  minerals — such  as  car- 


notite,   K2O  •  2  UO., 


V2Or>  •  ;iH2O ;   tyuyamunite. 


CaO  •  2 UO3  •  V2O,  •  n  H.,O ;  autunitc,  CaO  •  UO3 
P.,Or|  •  «H2O ;  uranophane,  CaO  •  2  UO3  •  2  SiO2  • 
6H2O ;  torbernite,  CuO  •  2 UO3  •  P2Or>  •  1 2  H2O ; 
soddyite,  5  UO3  •  2  SiO2  •  6  H2O — the  uranium  is 
present  in  the  hexavalent  state.  Its  dissolution  can 
J3e  expressed  as : 

U0»  +  3C03—  +  2H20  -» 

U02(C03)34-  +  20H-  (1) 

In  primary  uranium  minerals  —  such  as  pitch- 
blende, «UO2  X  UO3  amorphous ;  and  uraninite, 
wUO2  X  UOS  crystalline,  or  in  partly  oxidized  mine- 
rals such  as  gummite,  U3O8  +  PbO  +  others,  vari- 
able part  of  the  uranium  is  present  as  uranous  and  part 
as  uranyl.  The  dissolution  of  the  uranous  portion  can 
be  expressed  as: 

U02  +  H  02  +  3COr  +  H20-> 

UO,(CO,)^  +  20H-  (2) 

Both  of  these  dissolution  reactions  produce  hy- 
droxyl  ion  and  both  are  reversible.  For  optimum 
results,  the  hydroxyl  ion  must  be  removed  as  it  is 
formed,  which  is  usually  and  preferably  done  by 
neutralizing  it  with  bicarbonate  ion,  thus: 

HCOr  +  OH-  ->  CO.—  +  11,0          (3) 

tending  to  drive  Reactions  1  and  2  toward  comple- 
tion to  the  right.  This  simple  explanation  probably 
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is  not  the  complete  story  because  experimental  evi- 
dence and  data  from  operating  plants  show  that  best 
results  are  obtained  if  the  bicarbonate  ion  concen- 
tration is  manifold  greater  than  that  required  for 
stoichiumetric  neutralization  of  the  hydroxyl  ion 
formed. 

Sulfide  minerals  in  the  ore,  commonly  pyrite,  con- 
sume soda  ash  to  produce  sodium  sulfate  and, 
simultaneously,  bicarbonate  : 

2FeS2  +  8Na2C()3  +  VA  O2  +  7H2O^ 
2Fc(OH)a  +  4Na2S04  +  8NaHCOs        (4) 

Within  limits,  this  can  be  a  beneficial  reaction 
because  of  the  bicarbonate  produced,  but  if  there  is 
more  than  about  one  per  cent  of  pyrite  in  the  ore, 
the  sodium  sulfate  produced  is  more  than  conven- 
iently can  be  bled  from  the  circuit  as  a  normal 
soluble  loss,  so  a  deliberate  sulfate  bleed  must  be 
included.  This  bleed  is  commonly  in  the  form  of  a 
discarded  barren  solution,  but  it  represents  a  sub- 
stantial loss  of  relatively  expensive  sodium  ion. 
Sodium  sulfate  within  reasonable  concentrations  does 
not  seem  to  have  a  deleterious  effect  on  carl>onate 
leaching.  Successful  commercial  cyclic  leaches  have 
been  run  with  as  much  as  175  grams  of  sodium 
sulfate  per  liter  present  in  the  carbonate  leach  liquor. 

If  the  ore  to  be  leached  contains  gypsum  or  mag- 
nesium sulfate,  these  too  will  react  to  produce  sodium 
sulfate  with  an  eventual  resultant  reagent  loss. 


CaSO4  + 


CaCOa  1   +  Na*SO4  (5) 


Precipitation 

Normally  uranium  is  precipitated  by  the  addition 
of  sodium  hydroxide.  This  can  be  done  because 
Equations  1  and  2  are  essentially  reversible.  If  the 
hydroxyl  ion  concentration  becomes  great  enough, 
sodium  diuranate  will  precipitate. 


rO3)34-  +  6OH-  +  2Na+-> 
NaiU807  1   +  6COr~  +  3H20  (6) 

In  initiating  precipitation  by  the  addition  of  sodium 
hydroxide,  bicarbonate  ion  is  first  destroyed. 


HC()3 


H2O 


(3) 


Sodium  hydroxide  will  precipitate  the  uranium  in 
the  range  of  about  pi  I  11.  If  precipitation  is  done  in 
the  cold,  it  will  be  more  complete  than  if  done  hot, 
but  the  precipitate  will  be  so  finely  crystalline  and 
difficult  to  filter  that  hot  precipitation  is  preferred. 
Laboratory  work  indicates  that  some  of  the  newer 
flocculents  may  be  useful  for  cold  precipitation. 
Incomplete  precipitation  is  not  considered  serious 
because  the  "barren"  solution  normally  is  re-used 
in  leaching.  However,  if  there  is  a  necessary  solution 
bleed  in  order  to  keep  a  solution  balance,  quantitative 
precipitation  of  uranium  is  a  necessity.  An  excess 
of  sodium  hydroxide  of  about  five  grams  per  liter 
will  produce  a  satisfactory  precipitation  rate  and  a 
filterable  precipitate. 

An  alternative  way  of  precipitating  uranium  in- 
volves destroying  the  carbonate  ion  by  the  addition 


of  sulfuric  acid  to  pH  3,  boiling  or  evacuating  to 
remove  all  carbon  dioxide,  and  then  adding  ammonia 
or  caustic  soda  to  pll  7  to  precipitate  uranium  as 
the  hydroxide  or  uranate.  This  method,  though 
effective,  has  not  found  favor  because  it  requires 
destruction  of  the  expensive  leaching  reagent. 

If  the  vanadium  present  is  at  least  stoichiometric 
to  the  uranium  (2U:V2O5),  extremely  complete 
precipitation  can  be  effected  from  carbonate  solution 
merely  by  adding  acid  to  neutrality  to  form  an 
artificial  carnotite,  the  "yellow  cake"  often  used  in 
Colorado  plateau  metallurgy.  The  reaction  is  complex 
but  may  be  represented  approximately  by  the  follow- 
ing: 


Na-lHWC 

6NaS0 


(Na2V207 
JNaVOs 
;Na3V04 
CVuHjOJ 
4  +  3CO,  T 


6H2SO4 


J 

+ 

+  3H20 


(7) 


"Yellow  cake"  is  relatively  easy  to  filter,  but  it 
requires  a  further  fusion  and  water  leach  to  separate 
the  vanadium  from  the  uranium.  Use  of  the  "yellow 
cake"  method  depends  on  the  value  of  vanadium.  If 
vanadium  is  present  and  is  desired,  then  the  method 
is  useful,  but  if  vanadium  is  not  to  be  recovered,  then 
an  alternative  method  for  uranium  precipitation  is 
to  be  preferred. 

After  the  precipitation  of  "yellow  cake,"  the  solu- 
tion often  contains  additional  vanadium.  This  can  be 
recovered  as  "red  cake,"  or  V2O5,  by  further  proceed- 
ing with  the  acidification  after  the  "yellow  cake"  is 
filtered  off. 

Forward  and  Halpern--3-4  have  reported  labo- 
ratory data  which  show  that  in  an  autoclave  at  tem- 
peratures of  the  order  of  100-150°C  (212-302°F). 
gaseous  hydrogen  will  reduce  the  uranium  in  the 
uranyl  carbonate  complex  and  black  oxide  (UOo) 
will  precipitate.  This  reaction,  which  must  be  cat- 
alyzed to  have  a  useful  rate  (the  authors  prefer  to 
use  metallic  nickel  powder),  takes  a  very  short  time, 
produces  a  high-grade  final  product,  and  the  barren 
solutions  are  suitable  for  re-use.  The  reagent  con- 
sumption is  small,  but  the  uranium  product  must  be 
subjected  to  magnetic  separation  to  recover  the 
nickel  catalyst  for  re-use.  There  are  no  commercial 
applications  of  this  method  as  yet,  perhaps  because 
the  simplicity  of  the  more  or  less  standard  diuranate 
precipitation  has  made  it  difficult  to  justify  the 
development  expense  required  to  put  the  hydrogen 
reduction  method  to  commercial  use. 

Reagent  Regeneration 

One  of  the  advantages  of  carbonate  leaching  is 
that  the  leaching  reagents  can  be  regenerated  simply 
and  economically.  The  precipitation  process  does 
part  of  the  regeneration. 

Na4UO2(CO3)3  +  4NaOH-> 
Na2U04  +  3Na2CO3  +  2H2O  (8) 

The  excess  sodium  hydroxide  necessary  for  pre- 
cipitation (5  to  10  grams  per  liter)  can  be  con- 
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verted  to  sodium  carbonate  and  the  bicarbonate  con- 
centration can  be  increased  again  by  passing  carbon 
dioxide  through  the  barren  carbonate  solution. 

2NaOH  +  C02  ->  Na2CO3  +  H2O         (9) 
NafCOi  +  C02  +  H2O  -»  2NaHCO3     (10) 

This  procedure  is  particularly  attractive  because  most 
plants  have  a  supply  of  waste  COa  available  in  the 
form  of  flue  gas  from  a  steam  boiler  or,  if  the  ore  is 
roasted,  in  the  waste  roaster  gas.  Thus,  the  reagent 
regeneration  is  accomplished  inexpensively. 

Carbonation  can  be  obtained  satisfactorily  in  a 
standard  packed  tower  with  solution  descending 
through  the  packing  while  CCVrich  gas  passes  up- 
ward. For  very  hot  or  dirty  gas,  it  may  be  desirable 
to  use  a  scrubber-packed  tower  system  in  which  the 
CO2-rich  gas  is  cooled  and  scrubbed  in  a  spray 
tower  containing  horizontal  baffle  plates,  before  pas- 
sing to  the  bottom  of  the  packed  tower. 

This  system  has  been  shown  in  practice  to  produce 
satisfactory  concentration  of  bicarbonate. 

FACTORS  AFFECTING  REACTION  RATES 
Temperature 

For  over  thirty  years,  the  carbonate  leaching 
plants  of  the  Colorado  plateau  area  have  operated 
with  hot  solutions.  It  has  been  recognized  that  the 
rate  of  uranium  dissolution  is  improved  as  the  tem- 
perature rises  and  furthermore,  that  extractions  are 
consistently  higher  with  hot  solutions.  The  best  pub- 
lished data  on  this  subject  are  in  the  recent  articles 
of  Forward  arid  Halpern,2*4  which  show  that  at 
100°C  (212°F)  the  extraction  of  uranium  in  three 
hours  is  nearly  twice  as  great  as  at  60°  C  (140°F). 
Furthermore  at  temperatures  above  boiling,  up  to 
115°C  (239°F),  this  rate  increase  continues. 

A  commercial  outgrowth  of  the  work  of  Forward 
and  Halpern  is  the  Beaverlodge  refinery  of  Eldorado 
Mining  and  Refining  Limited5.  Here,  pitchblende  ore 
is  leached  in  carbonate-bicarbonate  solution  at  a 
temperature  of  104°C  (220°F)  and  about  80  psig. 
Compressed  air  introduced  into  the  agitated  leaching 
autoclaves  serves  as  the  oxidant,  with  satisfactory 
extraction  being  obtained  in  about  16  hours  of  re- 
tention time. 

From  the  recorded  data2*4'5  it  appears  that  rapid 
oxidation  of  primary  uranium  (pitchblende  uraninite) 
is  obtained  at  temperatures  in  excess  of  100°C 
(212°F)  and  useful  rates  are  obtained  as  low  as 
71°C  (160°F). 

Oxygen  Concentration 

Although  the  rate  of  leaching  is  greater  in  hot 
than  in  cold  solutions  the  solubility  of  oxygen  in 
carbonate  solutions  decreases  as  the  temperature  in- 
creases. Where  it  is  necessary  to  maintain  oxidizing 
conditions  in  uranium  leaching  systems,  this  de- 
creased solubility  can  be  compensated  for  by  increased 
pressure  or  by  rapid  agitation  to  give  a  mechanical 
mixture  of  air  and  pulp. 


At  temperatures  approaching  boiling,  the  oxygen 
in  air  will  oxidize  uranous  uranium  to  uranyl  at  a 
reasonable  rate/  but  if  the  air  is  enriched  in  oxygen 
or  the  partial  pressure  of  oxygen  increased  by  in- 
creasing the  total  air  pressure,  the  rate  of  oxidation 
increases  rapidly.  In  practice,  it  is  necessary  to  bal- 
ance the  value  of  increased  rate  of  oxidation  with 
the  cost  of  maintaining  an  increased  oxygen  partial 
pressure. 

It  seems  clear  that,  unless  the  ore  to  be  treated  is 
completely  oxidized  in  nature,  or  is  to  be  given  an 
oxidizing  roast,  oxidation  is  an  essential  part  of  any 
carbonate  leaching  step,  whether*  it  be  done  in  an 
autoclave  at  more  than  atmospheric  pressure  or  in  an 
open  leaching  vessel  for  an  extended  leaching  time. 

Reagent  Concentration 

Although  the  solubility  of  Na4UO2(CO8)3  is  re- 
puted to  be  greater  in  water  than  in  either  carbonate 
or  bicarbonate  solutions,  in  actual  practice  carbonate- 
bicarbonate  leaching  solutions  carry  from  5  to  10 
per  cent  of  sodium  carbonate  and  from  1  to  7  per 
cent  of  sodium  bicarbonate.  Most  operators  believe 
that  better  results  can  be  obtained  with  carbonate- 
bicarbonate  mixtures  than  with  either  reagent  alone. 
There  is  laboratory  evidence,  however,  that  satis- 
factory extractions  can  be  obtained  with  bicarbonate 
solutions  alone.  Perhaps  some  of  the  difference  of 
opinion  in  this  matter  can  be  ascribed  to  the  difficulty 
of  obtaining  reliable  and  precise  determinations  of 
carbonate  and  bicarbonate  contents.  Most  such  de- 
terminations in  plants  are  the  result  of  crude  potentio- 
metric  titrations  and  are  at  best  only  an  indication 
of  the  true  solution  composition.  A  further  beclouding 
factor  is  the  impurity  of  reagents.  Much  that  is  sold 
as  pure  sodium  carbonate  or  bicarbonate  is  a  mixture 
of  the  two,  or  of  the  two  and  other  salts. 

The  practice  of  carbonate  leaching  of  uranium 
shows  that  high  reagent  concentrations  can  be  cor- 
related with  high  uranium  extractions.  There  is  a 
practical  limit,  however,  because  the  higher  the 
reagent  concentration,  the  more  soluble  loss  of 
reagent  in  the  leached  residue  (tailings). 

Particle  Size 

As  in  all  leaching  operations,  the  specific  surface 
available  must  control  the  rate  of  chemical  reaction, 
so  the  finer  the  grind,  the  faster  and  more  complete 
will  be  the  leach.  But  in  practice,  it  is  found  for  the 
carbonate  leaching  of  most  ores  that  a  grind  to 
essentially  minus  100  mesh  is  fine  enough  and  that 
finer  grinding  does  little  good.  This  is  particularly 
true  of  sandstone  ores  where  the  uranium  is  in  the 
cementing  material  which  bonds  the  65  to  100  mesh 
silica  sand  grains. 

For  the  carbonate  leaching  of  certain  refractory 
uranium  compounds,  it  has  been  reported  beneficial 
to  grind  to  nominally  minus  325  mesh. 

Agitation 

In  any  leaching  reaction  where  gas-liquid  or  gas- 
solid  contact  is  controlling,  good  agitation  is  essential 
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for  optimum  results.  This  can  be  obtained  in  an  open 
agitator,  in  agitated  autoclaves  as  at  Anaconda's 
Grants,  New  Mexico,  plant,0  in  horizontal  agitated 
autoclaves  as  at  Beaverlodge,5  or  probably  even  in 
air-agitated  Pachuca  tanks.  Whatever  the  type  of 
leaching  vessel,  it  is  preferred  for  reasons  of  ease 
of  suspension  to  work  with  as  high  a  pulp  density 
as  possible,  preferably  in  the  range  of  SO  to  60  per 
cent  of  solids  and  with  at  least  three  leaching  vessels 
in  series,  to  prevent  short  circuiting. 

If  there  were  any  practical  means  to  dispense  air 
in  a  pulp  in  micron-sized  bubbles,  it  might  improve 
reactions  involving  oxidation.  But  most  attempts  to 
accomplish  this,  as  by  the  use  of  frits  or  punched 
rubber  sheets,  have  failed  because  of  rapid  plugging 
of  small  holes  with  precipitated  salts  such  as  gypsum. 
In  a  recent  installation,  expendable  glass  cloth  is 
employed  as  the  frit  and  is  reported  to  be  successful. 

Possible  Improvements  in  Carbonate  Leaching 

Unless  an  ore  contains  refractory  uranium  min- 
erals such  as  euxenite  or  samarskitc,7  or  a  high- 
sulficle  or  sulfate  gangue,  carbonate  leaching  usually 
can  extract  in  excess  of  90  per  cent  of  the  uranium 
content.  But  this  is  normally  slightly  less  than  can  be 
obtained  by  acid  leaching  and  sometimes  significantly 
less.  Furthermore,  the  reagent  losses  in  carbonate 
leaching  are  relatively  high. 

For  the  future,  we  must  be  concerned  with  ways 
to  avoid  wasting  some  of  the  uranium,  which  now 
leaves  the  processing  plants  with  the  tailings.  One 
possible  helpful  step  is  to  replace  the  difficult,  ex- 
pensive, and  sometimes  inefficient  filtration  step  with 
a  countercurrent  decantation  system.  Until  1954, 
this  was  not  a  reasonable  possibility  in  most  plants 
because  of  the  poor  setting  characteristics  of  most 
carbonate-leached  pulps.  But  with  the  advent  of  the 
new  flocculating  reagents  such  as  Aerofioc-3000 
(American  Cyanamid  Company)  and  Separan-2610 
(Dow  Chemical  Company),  multi-step  countercur- 
rent decantation  looks  attractive  as  a  means  of  reduc- 
ing soluble  losses. 

A  further  increase  in  extraction  probably  will 
come  from  the  use  of  more  rigorous  leaching  condi- 
tions :  longer  time,  higher  temperature,  greater  oxy- 
gen partial  pressure,  finer  particle  size,  and  better 
dispersion  of  air.  With  all  the  recent  intensive  work 
on  carbonate  leaching,  no  one  to  our  knowledge  has 
investigated  adequately  the  effect  of  leaching  tem- 
peratures above  150°C  (302°F). 

Examples  of  Three  Types  of  Carbonate  Plants 
In  order  to  understand  more  fully  the  actual  use 
of  the  three  modifications  of  carbonate  leaching  pro- 
cesses now  in  operation,  plant  flowsheets  of  a  salt- 
roasting  plant  for  the  treatment  of  high-vanadium 
ores  at  Monticello,  Utah,  a  raw-ore  leaching  plant 
for  the  treatment  of  oxidized  uranium  ores  at  Grants, 
New  Mexico,  and  a  raw-ore  leaching  plant  for  unoxi- 
dized  or  primary  uranium  ores  at  Beaverlodge, 
Saskatchewan,  are  given  in  the  following  sections  of 
this  paper. 


Flowsheet  of  Salt-Roasting  Mill  of  US  AEG 
at  Monticello,  Utah8 

In  the  Monticello  Mill,  after  a  conventional  dry- 
crushing  and  sampling  operation,  the  ore  follows  the 
flowsheet  shown  in  Fig.  2.  The  ore  is  stored  in  fine 
ore  bins  which  feed  the  roasting  and  leaching  section  of 
the  mill.  The  ore  coming  from  these  bins  is  weighed, 
sampled,  and  fed  by  a  bucket  elevator  to  the  top 
hearth  of  an  18-foot-diameter  8-hearth  roaster.  The 
returning  fines  from  the  dust-collection  system  and 
6  to  9  per  cent  sodium  chloride  are  mixed  with  the 
feed  going  to  the  roaster.  The  roaster  is  operated  at 
a  maximum  temperature  of  850°C  (1562°F). 

As  it  leaves  the  roaster,  the  ore  is  quenched  in  a 
stream  of  3  per  cent  sodium  carbonate  solution,  and 
the  resulting  slurry  is  given  a  light  grind  in  a  ball 
mill  to  free  the  natural  sand  grains  from  their 
cementing  material.  The  ball  mill  operates  in  closed 
circuit  with  a  spiral  classifier.  The  classifier  overflow 
goes  to  three  agitators  operating  in  series  at  a  tem- 
perature of  92  to  96°C  ( 198  to  20S°F). 

Following  agitation,  the  slurry  undergoes  a  liquid- 
solid  separation  step  involving  a  four-stage  counter- 
current  decantation  in  thickeners  followed  by  a  final 
filtration  step  on  the  solids.  The  pregnant  liquor 
goes  to  clarification  and  precipitation.  In  the*  precipi- 
tation step,  the  uranium  is  precipitated  as  "yellow 
cake"  (artificial  carnotite)  by  adjusting  the  pH  of 
the  solution  to  6  with  sulfuric  acid.  The  "yellow  cake" 
is  then  filtered  out  in  plate-and- frame  presses  and  is 
further  refined  by  fusion  with  sodium  carbonate, 
salt,  and  sawdust  to  form  water-soluble  vanadium 
which  is  removed  by  leaching. 

The  uranium-free  liquor  is  treated  for  vanadium 
recovery  by  again  adjusting  the  pH  with  sulfuric  acid 
to  a  value  of  2.5,  at  which  point  the  vanadium  precipi- 
tates as  "red  cake"  which  is  filtered  out  and  fused 
to  give  a  final  product  of  black  V2Or>. 

Flowsheet  for  the  Leaching  of  Unroasted  Oxidized 

Uranium   Ores   at  the  Grants,   New  Mexico,   Plant 

of  the  Anaconda  Copper  Mining  Company6'9 

The  flowsheet  for  the  leaching  and  precipitation 
sections  of  the  Grants,  New  Mexico  Mill  is  shown  in 
Fig.  3.  In  the  flowsheet,  which  follows  a  normal 
crushing  and  sampling  plant,  the  fine  ore  is  fed  from 
storage  bins,  by  means  of  feeders  which  also  serve 
as  weighing  devices,  directly  by  belt  conveyor  to  a 
rod  'mill  operating  in  open  circuit.  The  rod-mill  dis- 
charge is  fed  to  the  ball-mill  circuit,  where  the  ball 
mill  operates  in  closed  circuit  with  a  wet  cyclone 
acting  as  a  classifier.  All  grinding  is  done  in  carbonate 
solutions. 

The  ground  ore  is  next  charged  to  batch-operated 
autoclaves  where  it  is  leached  at  60  per  cent  of 
solids  and  a  temperature  of  107-121°C  (225  to 
250°F)  and  a  pressure  of  15  psig  for  approximately 
6  hours  in  a  solution  containing  10  per  cent  sodium 
carbonate  and  1  per  cent  sodium  bicarbonate.  After 
leaching,  the  slurry  is  filtered  and  washed  in  Burt 
pressure  filters.  The  pregnant  solution  then  is  sent 
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Figure   2.   Flowsheet    of   the    salt-roasting    mill    of   the    US    AEC   at   Monticello,    Utah 
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Figure  3.    Flowsheet  of  raw  leach  for  oxidized  uranium  of  Anaconda  Copper  Mining  Company,  Grants,   New  Mexico 
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Figure  4.  Flowsheet  of  raw  ore   leach  for  unoxidized  or  primary 
uranium  of  Eldorado  Mining   and   Refining   Limited,   Beaverlodge, 
Saskatchewan 

to  precipitation  where  the  uranium  is  precipitated  as 
sodium  diuranate  by  adding  sodium  hydroxide.  The 
sodium  diuranate  precipitate  is  recovered  by  filtration 
in  plate-and-frame  presses. 

The  barren  solution  is  recarbonated  by  contacting 
it  with  CO2  from  flue  gas  in  a  packed  tower  and  the 
recarbonated  solution  is  then  re-used  in  the  plant 
circuit. 

Flowsheet  for  Leaching  of  Unoxidized    or  Primary 

Uranium  Ores  at  the  Beaverlodge,  Saskatchewan, 

Plant  of  Eldorado  Mining  &  Refining  Limited5 

Figure  4  shows  the  leaching  and  precipitation  flow- 
sheet of  the  Beaverlodge,  Saskatchewan,  mill.  Follow- 
ing a  normal  crushing  and  sampling  plant,  the  ore  is 
stored  in  fine  ore  bins.  The  ore  is  discharged  from 


the  bins  into  the  grinding  circuit,  where  it  is  ground 
in  ball  mills  operating  in  closed  circuit  with  spiral 
classifiers.  The  grinding  is  done  in  a  sodium  carbo- 
nate solution.  After  grinding,  the  pulp  is  thickened 
to  60  per  cent  of  solids  and  pumped  to  agitated  auto- 
claves. 

In  the  autoclaves,  the  slurry  is  held  for  16  hours  at 
a  pressure  of  110  pounds  per  square  inch  and  a  tem- 
perature of  104°C  (220°F).  During  this  cycle,  air 
is  passed  through  the  autoclaves  to  oxidize  tetravalent 
uranium  to  the  hexavalent  state.  Leach  solutions  con- 
tain about  40  grams  of  carbonate  and  20  grams  of 
bicarbonate  per  liter. 

The  discharge  from  the  autoclaves  is  sent  to  a 
countercurrent  decantation  circuit  which  is  followed 
by  drum  filters  to  effect  a  liquid-solids  separation. 

The  precipitation  of  uranium  as  the  diuranate  and 
the  recarbonation  of  the  barren  solution  are  carried 
out  in  a  manner  similar  to  that  described  previously 
for  the  Grants,  New  Mexico,  mill. 
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The  Carbonate  Chemistry  of  Uranium: 
Theory  and  Applications 

By  L.  A.  McClaine,  E.  P.  Bullwinkel,  and  J.  C.  Muggins/  USA 


In  recent  years  great  interest  has  been  shown  in 
the  leaching  of  uranium  ores  with  carbonate  solu- 
tions. Primarily  as  a  result  of  this  interest,  uranium 
carbonate  chemistry  has  been  extensively  studied 
in  certain  of  its  theoretical  and  practical  implications. 
In  this  paper  we  shall  review  these  implications  and 
present  a  consistent  picture  of  this  phase  of  uranium 
technology.  Tt  is  our  hope  that  this  review  will  con- 
tribute to  a  better  understanding  of  the  applications 
of  carbonate  s\  stems  to  uranium  extractive  metal- 
lurgy. As  will  be  evident,  much  further  research 
is  required  in  this  field. 

CARBONATE  CHEMISTRY  OF  URANIUM 
Solid  Compounds 

There  are  numerous  solid  carbonate  compound*  of 
uranium  known.  These  comprise  the  parent  hexa- 
valent  compound  rO2CO3;  salts  of  the  tricarbonatc 
complex  ion,  [LTO2<  C'():,)H]4-  salts  of  the  dicarbo- 
nate  complex  ion,  [UO^CO^illoO);,]-  (written 
arbitrarily  with  JH2Q  to  preserve  the  hc.racoordhni~ 
twn  of  U(>24  *  );  as  well  as  a  sodium  salt  of  the 
carbonate  complex  of  uranium(IV),  Na«U(CO3)ri- 
11-12112O.  Various  methods  for  synthesizing  these 
compounds  are  outlined  in  Table  1.  The  references 
cited  in  this  table  should  be  consulted  for  further 
details. 

Since  most  of  these  carbonate  complex  ions  arc 
only  stable  in  alkaline  solutions,  it  is  to  be  expected 
that  salts  of  these  anions  with  highly  charged  cations 
(e.g.,  A13+,  Fe3+)  are  incapable  of  existence  because 
of  hydrolysis  reactions. 

Table  II  gives  some  solubilities  for  these  solid 
salts.  The  alkaline  earth  salts  are  all  unstable  in  the 
presence  of  carbonate  solutions,  according  to  the 
following  equation  : 


U)     (1) 

Of  the  solid  compounds,  Na4lTO2(CO3)a  has  been 
the  most  extensively  investigated.  Brown  and 
Schmitt1  investigated  the  solubility  of  NatUO2 
(CO3)3  as  a  function  of  ionic  strength  in  the  solu- 
tions of  various  sodium  salts.  They  found  that  this 


*  Western  Laboratories,  Arthur  D.  Little,  Inc.  Including 
work  by  E.  P.  Bullwinkel,  R.  A.  Carlson,  W.  E.  Clifford, 
C.  J.  Hoffman,  J.  C.  Huggins,  L.  A.  McClaine,  I.  F.  Schwicn, 
and  W.  I.  Watson. 


solubility  at  room  temperatures   (J6~-30°C)   can  be 
expressed  quite  well  by  the  equation  : 


(2) 


where  p.  is  the  mohil  ionic  strength  {  J  j  S'/;i,2/J)  and 
K^p  is  the  mold  solubility  product  of  Na4T<  ")*(  CO»  )». 

Itunce,  Furman  and  Mundy-  had  earlier  measured 
the  solubility  of  Na4lTOjfCO3)3  in  MaHCOr 
Na2CO3,  and  Xa2S<)4  solutions  at  30°,  60°,  and 
(H)°C.  They  demonstrated  that  the  solubility  of 
Na4rO2(CX);i)3  is  decreased  both  by  increasing 
temperatures  and  ionic  strengths.  Their  data  are 
shown  graphically  in  Fig.  1. 

It  should  be  mentioned  that  Xa^K  >,,(  C(.);j):i  is 
not  rapidly  precipitated  from  supersaturated  solu- 
tions at  room  temperatures.  This  slow  approach  to 
equilibrium  is  illustrated  in  Fig.  2.  Failure  to  ap- 
preciate this  slowness  of  precipitation  has  led  Ba- 
clielet,  Cheylan,  Dotiis,  and  Goulette3  to  erroneously 
postulate  that  the  uranyl  tricarbonate  complex  is 
present  in  solution  as  a  hydrate  which  is  only 
slowly  converted  at  room  temperatures  to  a  less 
soluble  anhydrous  form. 

Following  the  discovery  of  a  laboratory  method 
for  preparing  1TO2CO3  by  Miller,  Pray,  and 
Hunger,4  extensive  work  on  the  four  component 
system  l.'(  ).{-Xa.,(  M/O.,-!!,,*  )  was  undertaken  by 
Blake,  Lowrie,  Hill,  and  Brown.5  The  most  interest- 
ing phase  diagram  from  this  excellent  work  is  the 
three  component  system  UO*C(  )3-H  L>O-N  a2CO3, 
shown  in  Fig.  3.  We  have  modified  their  original  dia- 
gram (dotted  lines)  to  show  the  existence  of  Naol'O* 
(CO.j),,  vrH.,O  (solid)  which  has  been  prepared 
subsequent  to  their  work.  To  make  clear  the  narrow 
region,  NaaUOa(COs)2-  .vH2O  (solid)  +  solution, 
in  this  diagram,  the  true  loci  of  NajUO^CO.,)., 
(solid)  and  NaaUO2(COs)a-.rIIaO  (solid)  have 
been  spread  apart. 

It  may  be  seen  from  this  phase  diagram  that  the 
solubility  of  Na4UO2(CO3)3  is  decreased  as  the 
Na,,COn  concentration  is  increased.  Also,  the  solu- 
bility of  UOoCOa  in  Na2COa  solutions  is  given  by  a 
straight  line,  yielding  equilibrium  solutions  have  a 
COa/U  ratio  of  2.  It  is  further  noted  that  it  is  not 
possible  to  prepare  UO2CO3  by  evaporating  any  solu- 
tion composition  in  this  phase  diagram. 

The  recently  reported  compound.3  Na6[(UO2)0 
(COa)J  and  Na6[(U01)I(UOa)a(COa)B],  would 
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appear  to  be  mixtures  from  a  consideration  of  the 
preparatory  methods  employed.  The  first  of  these 
"compounds"  is  probably  a  mixture  of  Na4UO2 
(C03):J  and  NaaUOa(COJ3-:i-il2O,  while  the 
second  is  a  complicated  mixture  of  Na4UO2(CO3)3 
and  sodium  uranates. 

With  respect  to  the  use  of  UO3  in  preparing  these 
"compounds"  and  in  other  reactions  concerning 
carbonate  solutions,  it  must  be  stressed  that  UO3 
is  never  a  stable  solid  phase  in  the  presence  of  solu- 
tions containing  large  concentrations  of  cations.0 
This  instability  is  caused  by  the  greater  insolubility 
of  uranates  as  compared  with  UO3,  e.g., 


•  2HSO  (s)  +  Na+ 


H+  +  LTOa-JH2O  (s) 


*  Na  uranates  +  H+    (3) 
soluble  U02+  +  hydrolysis 


polymers 


(4) 


The  sodium  uranates  have  been  recently  discussed 
by  Ricci  and  Loprest.7  The  hydrolysis  reactions  of 
UO2+  +  and  the  polymers  formed  have  been  carefully 
studied  by  Sutton  ;8  cf.  Machines  and  Longsworth,10 
Ahrland/' 


1  2  3 

Concentration   of   co-solute,  molcs/1 

Figure  1.  Solubility  of  Na4UOs(CO3)3  in  sodium  salt  solutions 
at  30°C,  60°C  and  90°C 

Solution  Equilibria  Involving  +  6  Uranium 

Carbonate  Complexes 

Previous  work  on  the  carbonate  solution  chemistry 
of  uranium  (VI)  has  been  largely  concerned  with 
the  identification  of  the  complex  ions  present.  Thus, 
Haldar  n  has  noted  two  inflections  in  thermometric 
and  conductometric  titrations  of  UO2"f4"  solutions 
with  CO.,"  solutions.  The  inflections  corresponded 
to  C()2/Q  ratios  of  2  and  3  and  he  suggested  the 
presence  of  a  dicarbonate  and  tricarhonate  uranyl 
complex.  Bachellet,  Cheylan,  Douis,  and  Goulette3 
further  demonstrated  that  when  UO3  is  dissolved 
in  excess  IICO.,-,  the  quantity  of  COa  gas  evolved 
corresponds  (mite  well  with  the  following  equation  : 

U03-2H20  (s)  +  4HC(V  = 


C0 


4HaO 


(5) 


A.  0. 1  M  Na4U02  (CO3)3  soln.  + 
solid  NaCl  to  form  a  2. 0  $A 
NaCl  soln. 

B.  2. 0  M  NaCl  soln.  +  solid 
Na4U02(C03)3 


"6"          8         10         12         14 

Time,  days 
Figure  2.  Approach  to  equilibrium  solubility  for  Na«UO8(COa)a 

a  glass  electrode  on  standard  carbonate  solutions 
containing  various  amounts  of  rO2++.  He  showed 
that  3  moles  of  COa=  per  mole  of  UO2+ 4  were  not 
available  during  the  titration  in  the  CO3=  -HCOs~ 
range  and  only  become  available  near  the  HCO3~ 
COa  endpoint.  In  addition,  Blake,  Lowrie,  Hill  and 
Brown1"1  suggested  that  the  solubility  of  UO.,L'O3  in 
XaaC();,  and  Na4UO2(  COa);<  solutions  to  yield 
neutral  solutions  and  CO2/UO3  ratios  of  2  was 
indicative  of  the  existence  of  a  dicarbonate  complex 
ion,  |UO2(CO:,)2]a~. 

Recent  work  in  our  laboratory13  has  extended  this 
earlier  work  and  shown  conclusively  that  in  solution 
there  are  only  two  important  carbonate  complexes 
(if  uranium  (VI),  namely,  a  tricarbonate  and  di- 
carbonate complex.  The  following  discussion  is  ha.sed 
on  this  work. 

The  tricarbonate  complex,  [UOofCOjOa]4".  is 
stable  in  solution  when  the  ratio  of  COa"  to  1TO.,+  + 
exceeds  3.  When  this  ratio  equals  3  [e.g.,  an  aqueous 
solution  of  Xa4U(\i(CO;i)3],  this  complex  is  some- 
what hydrolyzed.  This  hydrolysis  is  apparent  from 
the  alkaline  reaction  and  enhanced  absorption  spectra 
of  such  solutions.  This  spectral  enhancement,  which 


Na2C03'10H2° 


uo2co3 


Halpern12  carried  out  potentiometric  titrations  using 


Figure  3.  The  system  NaaCO»  —  UO,CO3  —  H«O 
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is  caused  by  the  presence  of  intensely  colored  UO2+  "*" 
hydrolysis  products,  is  illustrated  in  Fig.  4.  When 
aqueous  solutions  of  [UO2(CO3)3]4~~  are  diluted 
to  low  concentrations  (^0.001  M),  appreciable 
quantities  of  uranium  precipitate  as  uranates. 

The  dicarbonate  complex,  [UO2(CO3)2  (H2O)o]2~ 
is  most  readily  prepared  by  saturating  CO3=  solutions 
with  UO2CO3.  In  open  systems,  such  solutions 
readily  lose  CO2  to  form  UO2"*"*"  hydrolysis  products 
and  [UO2(CO3)3]4-~.  In  the  presence  of  excess 
HCO3~  or  CO3  =,  the  dicarbonate  complex  is  quan- 
titatively converted  into  the  tri carbonate  complex. 
Absorption  spectra  for  these  two  complexes  in  the 
absence  of  hydrolysis  products  is  shown  in  Fig.  5. 


0.28 


0.24 


1 


0.20 
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B.0.01    MNa4UO 

in  0. 1  M  CO0  =  or  HCO 
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i i I L 


420      430      440      450      460 
Wavelength,  mji 

Figure  4.  Spectra   of  Na4UO2(CO3)3   solutions 

A  qualitative  picture  of  the  equilibria  connecting 
the  two  uranyl  carbonate  complexes  is  most  easily 
obtained  from  the  titration  curve  and  spectral 
changes  observed  when  aqueous  [UO2(CO3)3]4~ 
solutions  are  treated  with  H+,  as  shown  in  Figs.  6 
and  7.  (For  comparison,  a  titration  curve  for 
Na2CO3  is  included.)  Noted  along  the  [UO2 
(CO3)3]4~  titration  curve  by  means  of  arrows  are 
the  ratios  of  moles  of  H+  added  to  moles  of  U 
present.  In  Fig.  7  the  II+/U  ratios  associated  with 
absorption  spectra  curves  correspond  to  those  in- 
dicated on  the  titration  curve  of  Fig.  6.  Curve  A, 
which  exhibits  peaks  at  420,  435,  445,  and  460  m/x  is 
characteristic  of  [UO2(CO3)3]4~.  It  is  observed 
(curves  B  and  C,  Fig.  7)  that  upon  addition  of  H+, 
the  435  m/A  peak  remains  constant,  while  the  420, 
445,  and  460  rmx  peaks  shift  toward  longer  wave 
lengths.  This  shifting  ceases  at  H +/U  =  1  (curve  C) 
with  the  absorption  peaks  now  occurring  at  425,  435, 


390       400       410       420       430       440       450       460       470 
Wavelength,    mp 

Figure  5.  Absorption  spectra  of  uranyl  dicarbonate  and 
tricarbonate  complexes 

450  and  465  m/n.  These  peaks  are  characteristic  of 
the  dicarbonate  complex  [UO2(CO3)2  (H2O)2]2~. 
As  the  H+  additions  exceed  II+/U  =  1  (curves  D 
and  /}),  the  optical  density  of  the  solutions  con- 
tinuously increases  at  all  wave  lengths  while  the  fine 
structure  gradually  disappears.  Finally  at  H+  /U  =  3 
(curve  F),  the  fine  structure  has  been  completely 
destroyed  and  replaced  by  a  broad  absorption  band 
having  a  very  large  optical  density  in  the  430-435 
region  (characteristic  of  UO2++  hydrolysis  pro- 
ducts). Although  not  shown,  further  11+  additions 
monotonously  decrease  the  optical  density  of  this 
broad  band,  and  give  finally  at  low  pH's,  the  well- 
known  spectrum  of  UO2++. 

Turning  now  to  the  [UO2(CO3)3]4-  titration 
curve  of  Fig.  6,  it  is  interesting  to  note  that  in  the 
range  H+/U  =  0  to  H+/U=1,  no  evidence,  such 
as  an  inflection,  is  seen  of  the  transformation  of 
the  tricarbonate  complex  into  a  dicarbonate  complex. 
The  inflection  shortly  after  H+/U  =  3  is  probably 
due  to  the  following  reaction,8 


[U,08(OH)]+  +  H+  = 


H20      (6) 


12 


10 


.1       ill 

A.  0.  01  M  Na4U02  (C03)3 

B.  0.  01  M  Na2CO3 

(Initial   volume,  100ml.) 
\     H*/U  =  1.5 

riVu  =  2.0 

A 


0  4  8          12         16         20         24 

Volume  of  0. 29  M  HC1O4,  ml. 

Figure  6.  Titration  curves  for  Na4UO2(CO3)3  and  Na2COa 
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while  the  inflection  at  H+/U  =  6  corresponds  to  the 
endpoint  for  the  over-all  reaction, 


[U02(C03)3]<-  -I-  6H+  = 


(-  3H0 


9)  (7) 

The  foregoing  series  of  events  is  also  observed 
when  HCO3~  solutions  of  [UO2(CO3)3]4-  are 
titrated  except  that  the  conversion  [UO2(CO3)2 
(H2O)2]2~  is  delayed  as  would  be  expected  from 
considering  the  equation, 

2H,0+[U01(CO,),]«-  +  H+  = 

[U02(C03)2(H20)21'-  +  HC03-        (8) 

By  using  CO2(#)  as  an  acid  instead  of  H+,  it  has 
been  possible  to  determine  quite  simply  from  spectro- 
photometric  measurements  the  equilibrium  constants 
for  the  following  reactions, 


[U02(C03)2(H20)2l'- 

[U01(CO,)8]«-  +  C01(fir)+3HaO 

K  «  65  (9) 

UO,CO,(*)   H  2HCO3-  +  H2O  = 

[U02(C03)2(H20)2)]2-  +  C02  (g) 

K  ~  26  (10) 

It  should  be  noted  that  these  reactions  are  free  from 
side  reactions  and  do  not  involve  pH  measurements. 
From  an  investigation  of  the  effect  of  COz  pres- 
sure, the  constant  for  the  following  equilibrium, 


(11) 


UO2C08(j)  +  2H2O 


was  found  to  be  approximately  104. 

The  foregoing  equilibrium  constants  have  been 
corrected  for  activities  using  Kielland's  data.14  By 
combining  these  constants  with  an  estimate  of  the 
free  energy  of  formation  of  UO3'2H2O  and  other 
available  data,15  the  thermodynamic  values  given  in 
Table  III  may  be  calculated.  The  free  energy  value 
for  UOn  •  2  H2O  was  estimated  from  the  heat  of 
formation  of  UO3,18  heats  of  solution  of  UO3  and 
UO3-2H2O,17  and  Latimer's  estimate18  for  the 

Table  II.     Aqueous  Solubility  of  Some  Uranium 
Carbonate   Compounds 

Compound  Solubility  (gm  U /liter)       Reference 

1 

5,13 
4 

42 


42 

42 
13 
13 
13 
44 
44 


Na4UOo(C03)3 

66  (room  temp.) 

Na2u62(CO3)2-.rlluO 

~  350  (room  temp.) 

U02C(\ 

v.  insoluble 

Ca2UO2(CO3)3-10H2O 

0.33  (0°C) 

1.34  (23°C) 

3.68  (40°C) 

Mg2UO2(CO3)3'18H2O 

39  (290C) 

41.5  "(32°C) 

57.8  (42°C) 

Ba2UO2(C:03)3-6H20 

v.  insoluble 

BaUO2(CO3)o-*H.,0 

v.  insoluble 

CaU02(CO:Oo-jrH.,0 

v.  insoluble 

Tl2U02(C08)2-;rH20 
(rfH4)4U02(C03)8 

v.  insoluble 
23  (15°) 

K4U02(C03)3 

29  (15°) 

Table  I.     Preparation  of  Uranium  Carbonate 
Compounds 


A.    U02C03 


C02(g)-+U02C03 

Conditions  :  Water  slurry  of  UO3,  800-2500  psi  CO2, 
100°C4;    Reactive   UO3-2H2O    slurry,    room   tem- 
perature, atm  pressure  CO213. 
2.  UO2++  +  O2-»uranate 

Uranate  +  CO2  +  H2O  ->  U62CO3  + 

[U02(C03)2 
(H20)2p- 
Conditions:  Neutralize  to  pH6-7.13 

B.  Alkali  metal  salts  of  [UO2(CO8)8]*- 

1.  Evaporate  solutions  containing  constituent  ions. 

2.  Precipitation    by    adding    UO2+  +    to    concentrated 
alkali  metal  carbonate  solutions,  warming  hastens  the 
precipitation  (see  text). 

C.  Alkaline  earth  salts  of  [UO2(CO8)3]<- 
1.   Metathetical  Reactions:  e.g. 

2Ba++  +  [UO2(CO3)3]«  --  >  Ba2UO2(CO3)3«,42 

D.  Salts  of  [U02(C03)2   (H2O)2]2- 

1.    Saturate  HCO3~  solution  with  UO2CO3  and  CO2, 
then  add  excess  of  desired  cation.18 

E.  NA6U(C03)5-11H20 

1.  Chemical  reduction: 

Conditions:  Agitate  for  several  weeks  in  a  sealed 
vessel  an  aqueous  solution,  0.25M  Na4UO0(CO3)3f 
2.7  M  Na2CO3,  and  0.3M  Na2S2O4. 

2.  Electrolytic  reduction  : 

Conditions:  Hg  cathode-diaphragm  cell,  26  cm2Hg 
area  —  current  0.5  amp.  ;  catholyte,  0.25M  CO3=  — 
0.36M  HCO3-;  for  every  100  ml  of  this  solution, 
reduce  0.05  moles  Na4UO2(CO3)3.  At  the  end  of 
reduction,  add  50  gm/liter  of  Na2CO3  •  H2O  to  salt 
out  compound. 


a    o.io 


0.32 
0.28 
0.24 
0.20 
0.16 


C.  H T/U  =  1.0 

D.  HT/U=1.5 
—    E.  HYU  =  2.0 

F.  HYU  =  3.0 

I     I     I     I     I     I     I     I 


B.    H  /U  =  0. 5 
(1cm.  cell) 
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Figure  7.  Spectra  of  NcuUOaCCOs)*  solution  during  H*  titration 
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entropy  contribution  of  water  of  hytlration.  It  is 
difficult  to  assess  the  reliability  of  the  data  in  Table 
III,  but  they  should  be  sufficient  for  approximate 
calculations. 

While  UOa+  +  and  CO3=  are  incapable  of  co- 
existence in  solution,  we  may  nevertheless  calculate 
equilibrium  constants  for  the  formation  of  the  uranyl 
dicarbonate  and  uranyl  tricarbonate  complexes.  This 
calculation,  using  the  free  energies  given  in  Table  Til, 
yields  the  following  values: 

lT(V+  +  2CO-  +  2HaO  = 

[UOa(CX)8)a(iIaO)a]*- 

K~4X  1014  (12) 

U02++  +  3C03=  =  [UO2(  CO3)J4- 

AT«2X  101H~         '    '  (13) 

Table  III.     Free   Energies   of   Formation 

Compound  — &F°  (ttcul/mole) 


UO8'21I-.O 
U02C08 


377 
(>22 
640 


The  large  values  for  these  constants  demonstrate  the 
great  stability  of  the  uranyl  carbonate  complexes. 

Oxidation-Reduction    Reactions    of    Uranium 
in  Carbonate  Solutions 

Besides  the  previously  discussed  uranyl  carbo- 
nate complexes,  there  also  exists  a  green  uranium 
(IV)  carbonate  complex.  This  complex  is  formed 
when  uranium  (VI)  carbonate  solutions  are  reduced 
electrolytically  or  by  means  of  powerful  reducing 
agents  (e.g.,  SgO^).  It  may  also  be  prepared  by 
the  addition  of  uranous  salts  to  carbonate  solutions.19 
The  absorption  spectra  of  this  complex  is  shown  in 
Fig.  8.  Also  included  in  this  figure  is  the  absorption 
spectra  of  a  mineral  oil  mull  of  the  solid  salt, 
NaflU(CO3)B  •  11H2O,  which  is  precipitated  from 
reduced  uranium  carbonate  solutions  at  high  uranium 
and  carbonate  concentrations  (see  Table  I).  The 
agreement  between  the  absorption  spectra  of  the 
solution  and  solid  is  striking. 

It  is  of  interest  to  note  that  both  ThfTV)  and 
Ce(IV)  have  been  reported20  to  form  carbonate  com- 
plexes of  the  type  Af«Ar(CO3)r,  •  12H2O.  It  is  not 
known  at  present  what  the  true  formula  of  the 
uranium(IV)  carbonate  complex  is  in  solution. 
While  from  a  coordination  and  charge  standpoint 
[UfCOjOc]8"  seems  excessive,  we  shall  nevertheless 
adopt  this  formula  for  convenience  in  the  following 
discussion. 

As  would  be  expected  from  the  very  low  solubility 
of  U(OH)4  (AT~10-4*),  [U(C03)r,]fl-  is  only 
stable  in  solutions18  containing  excess  IICO3~  or 
CO^=.  When  OH~  or  H+  is  added  to  such  solutions, 
U(OH)4  is  precipitated.  There  is  some  doubt  as 
to  whether  or  not  this  hydrous  oxide  contains  car- 
bonate.) We  have  ascertained  that  this  precipitation 
is  reversible  when  performed  at  room  temperatures. 
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Figure  8.  Absorption    spectra    for    the    uranium(IV) 
carbonate  complex 


Of  great  interest  is  the  fact  that  when  carbonate 
solutions  containing  both  uranium ( 1  \  )  and  (VI) 
are  treated  with  OH~  in  the  cold  or  are  heated  to 
temperatures  exceeding  7()-«SO°C,  a  dense  black 
precipitate  is  thrown  down.  The  nature  of  the 
precipitate  is  unknown  except  for  the  fact  that  it 
contains,  by  analysis,  both  uranium(lV)  and  (VI). 
It  is  therefore  not  LJO2  or  a  UO2  hydrate.  Perhaps 
it  may  be  best  described  as  a  "mixed  oxidation  state" 
compound  (  sec,  however,  below ) . 

In  preliminary  potential  measurements  on  various 
carbonate-bicarbonate  solutions  containing  uranium 
(IV)  and  ( VI ) ,  we  have  observed  that  the  oxidation- 
reduction  reaction 


40H-+  lU(CO»)B]6-=  [U02(e03  ):, 

2H20  \-2c 


20),-= 


(14) 


appears  to  be  reversible  at  a  variety  of  inert  metal 
electrodes  (e.g.,  Hg,  Ft,  Cu).  Likewise,  reduction 
of  uranium (VI)  to  uranium(IV)  in  CO8^  ~HCO8- 
solutions  at  various  metal  cathodes  appears  to 
proceed  smoothly  and  at  high  current  efficiencies, 
especially  when  the  current  density  is  very  low. 
These  results  are  quite  surprising  since  one  would 
expect  a  very  large  activation  energy  for  a  reaction 
as  complicated  as  14.  This  is  especially  so  in  view 
of  Crandall's  work21  which  demonstrates  how  tightly 
the  two  oxygens  are  bonded  to  the  uranium  in 
U02++. 

The  simplest  explanation  for  the  apparent  rever- 
sibility of  reaction  14  is  that  the  actual  electrode 
reaction  is  a  simple,  one  electron  change  involving 
uranium(V)  and  (VI)  carbonate  complexes,  e.g., 

[ucyccg:,]«-  =  [uo2(co.,)j<  + ,  (is) 

By  analogy  with  the  situation  in  acidic  noncomplex- 
ing  media,22  we  would  expect  that  this  (V)  complex 
would  be  in  equilibrium  with  the  uranium (IV)  and 
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Figure  9.  Spectral  changes  during  electrolytic  reduction  of 
uranium(VI)  carbonate  solution 


(  VI  )  carbonate  complexes  by  means  of  a  dispropor- 
tionation  reaction,  e.g., 


20) 


[2  U<)2(COa  ) 
' 


LU(CO,)J«"+  [U02(C03)3]4- 


-  (16) 


In  contrast  to  the  very  small  concentrations  of 
+  5  uranium  obtainable  at  equilibrium  in  acid  solu- 
tions, we  believe  that  rather  large  equilibrium  con- 
centrations of  this  oxidation  state  may  be  obtained 
in  carbonate  solutions  under  suitable  conditions. 
Unfortunately  at  present,  experimental  evidence  in 
support  of  this  belief  is  quite  meager.  Nevertheless 
we  may  consider  some  of  our  work  concerning  the 
(  V  )  oxidation  state  of  uranium  in  carbonate  solu- 
tions. [See  also  Harris  and  Kolthoff19  for  polaro- 
graphic  studies  which  give  evidence  for  the  existence 
of  uranium  (  V)  in  carbonate  solutions.] 

As  would  be  expected  from  the  large  OH" 
dependence  shown  in  Kquation  16,  the  uranium(V) 
complex  should  be  most  stable  in  carbonate  solutions 
of  high  pH.  This  expectation  is  realized  by  follow- 
ing visually  the  color  changes  which  occur  when 
[UO2(COi)3)]4-  in  various  lICO;r  CO8=  mix- 
tures is  reduced  electrolytically.  For  example,  when 
[U<)2(CO3)al4-  in  HCO8"  solution  is  reduced,  it 
is  observed  that  the  bright  yellow  of  the  (VI) 
complex  is  gradually  replaced  by  the  green  color 
of  the  (IV)  complex.  However,  when  CO,,"  solu- 
tions (containing  small  amounts  of  HCOa~)  of 
[UU2(CO3)a]4"  are  reduced,  it  is  observed  that 
the  yellow  color  gradually  fades  to  yield  an  almost 
colorless  solution.  Thereafter  the  green  color  of  the 
(IV)  complex  slowly  becomes  apparent.  [The  (  Y) 
state  of  uranium  would  be  expected  to  be  essentially 
colorless  by  analogy  with  NpOo"1"  and  PuO2+l 

A  more  quantitative  picture  is  obtained  by  remov- 
ing samples  of  the  solution  during  the  electrolysis 
and  determining  optical  densities  (at  445  m/i  and 
665  m/x)  and  the  number  of  reducing  equivalents 
present.  The  optical  density  at  665  m/i  is  propor- 
tional to  the  concentration  of  the  uranium  (IV), 
while  the  optical  density  at  445  m/i  may,  without 
too  much  error,  be  considered  to  be  proportional 


to  the  concentration  of  the  uranium (VI).  A  typical 
plot  of  these  optical  densities  versus  reducing  equi- 
valents present  is  shown  in  Fig.  9  for  a  solution 
that  was  initially  0.02M  [UO2(CO3)J4-,  l.OA/ 
CO.<=,  and  0.0&/1/  HCO.,-.  It  is  apparent  from  the 
discrepancy  between  the  expected  (dotted  line)  and 
observed  increase  in  optical  density  of  the  665  m/a 
wave  length  that  a  colorless  uranium  intermediate 
is  being  formed  during  the  redaction. 

Further  evidence  for  the  stability  of  uranium (V) 
is  the  spectral  changes  observed  when  carbonate 
solutions  of  uranium (IV)  and  a  similar  solution 
of  uranium ( VT )  are  mixed.  Such  changes  are  shown 
in  Fig.  10  as  a  function  of  time  after  mixing.  It  is 
seen  from  this  figure  that  the  uranium ( IV)  and 
(VI)  are  slowly  reacting  to  form  what  must  be 
uranium(V).  (It  was  determined  that  the  reducing 
equivalents  present  remained  constant  during  this 
experiment. ) 

It  is  extremely  tempting  to  relate  in  some  way 
the  black  precipitates,  previously  discussed,  with  the 
presence  of  uranium (V)  in  carbonate  solution.  In 
this  regard,  it  is  of  interest  to  note  that  Lyden23 
claims  that  the  reaction  of  UaOg  in  hot  HCO3~ 
solutions  proceeds  according  to  the  equation, 

U/)8U)  +4110),-=  [U02(C03)Jr  + 

UaOs(j)  +  COa(y)  +   HoO  (17) 

Unfortunately,  no  X-ray  studies  were  made  on  this 
solid  residue.  While  the  existence  of  U2O5  at  high 
temperatures  is  questionable,24  it  would  seem  that 
this  would  not  preclude  the  existence  of  such  a 
compound  at  room  temperature. 

While  we  are  unable  to  give  oxidation  potentials 
connecting  the  various  uranium  couples  in  carbonate 
solution,  we  may  calculate  from  available  data 
(Table  III  ami  Ref.  15)  the  following  half  reaction 
potentials  (  for  sign  conventions  see  I^i 


20         40         60         80        100 
Time   after   mixing,    minutes 

Figure  10.  Spectral    changes    on    mixing    uranium(IV)    and    (VI) 
carbonate  solutions 
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„  .*)  +  3C03-  =  [U02(C03)3]*-  +  2*, 

£°  =  0.32v  (18) 

U(OH)4(j)  +  3C03=  -  [U02(C03)J4-  + 

2H2O  +  2e,  £°  =  0.50  v        (19) 

UsOgCO  2H2O  +  9CO3=  = 

3  [UOa(C08)3]4-  +  4011-  +  2c,  £°  =  0.35  v  (20) 

The  free  energy  of  formation  of  UO2  and  U3O8 
were  calculated  from  the  new  heats  of  formation 
of  these  oxides  given  by  Huber.25  The  free  energy 
of  U(OH)4  was  obtained  from  Latimer.18 

Structure   of    Uranium   Carbonate   Compounds 

While  UO2CO3  is  the  only  uranium  carbonate 
compound  which  has  been  investigated  structurally, 
we  may  nevertheless  discuss  in  a  general  fashion 
the  structure  of  these  compounds  by  drawing  on 
the  extensive  structural  information  available  for 
other  uranium  and  actinide  element  compounds.26*27 
This  discussion  will  be  limited  to  uranium  (VI) 
carbonate  compounds  because  nothing  is  known  about 
the  actual  number  of  carbonate  ions  associated  with 
theuranium(IV)  in  Na6U(CO3)5  •  11H2O. 

From  X-ray  studies  of  solid  uranium  (VI)  com- 
pounds, such  as  UO3,  UO2F2  and  CaUO4,  it  is 
found  that  distinct  linear  uranyl  (OUO)  groups 
exist,  each  being  surrounded  by  a  puckered  ring  of 
six  neighboring  atoms  of  either  O  or  F.  This  hexa- 
coordinating  ring  lies  normal  to  the  OUO  axis  and 
in  the  plane  of  the  uranium.  A  similar  coordination 
is  also  observed28  in  the  complex  salt,  RbUO2 
(NO3)3.  In  this  compound  there  is  a  linear  arrange- 
ment of  uranium,  oxygen,  and  rubidium  such  as  ... 
OUO  ...  Rb  ...  OUO  .  .  .  Rb,  while  three  nitrate 
ions  surround  each  uranium  and  lie  normal  to  the 
Rb  .  .  .  OUO  .  .  .  Rb  axis.  These  planar,  triangular 
NO8~  groups  each  supply  two  oxygen  neighbors 
to  the  uranium  to  provide  hexacoordination. 

From  this  structure  of  RbUO2(NO3)3  and  the 
great  similarity  between  NO3~  and  CO3=  ions,  it 
is  reasonable  to  assume  that  the  structure  of 
[UO2(CO3)3]4~  comprises  a  linear  UO2"f"f  sur- 
rounded at  its  equator  by  3  CO3",  each  COs55 
supplying  two  oxygen  neighbors  to  the  uranium. 
[This  structure  is  in  accord  with  coordination  ob- 
served29 in  the  monocarbonate  complex  salts  of  +6 
plutonium(V)  and  americium(V).]  Thus,  solid 
uranyl  tricarbonate  salts  would  be  ionic  crystals 
made  up  of  cations  and  discrete  [UO2(CO3)3]4~ 
anions.  Similar  considerations  apply  to  the  uranyl 
dicarbonate  complex,  where  two  waters  may  be 
included  in  the  complex  anion  formula  to  provide 
hexacoordination. 

Uranyl  carbonate  has  been  reported30  to  have  a 
layer  structure  in  which  each  UO2"*"+  is  surrounded 
by  four  CO3"  ions;  two  of  the  CO8"  supply  a  pair 
of  coordinating  oxygens,  while  the  other  two  supply 
only  one  oxygen  apiece.  We  can  see  no  reason  why 
this  compound  does  not  crystallize  in  a  more  simple 
form  with  each  UO2++  being  surrounded  by  three 


equivalent   CO3~    ions,   which  are   shared13   among 
three  UO2++. 

THE  CARBONATE   LEACHING  OF   URANIUM  ORES 
Introduction 

Carbonate  leaching  is  advantageous  in  the  proces- 
sing of  uranium  ores  because  of  its  selectivity  for 
dissolving  uranium  minerals  while  attacking  very 
few  other  ore  components.  On  account  of  its  selec- 
tivity, reagent  consumption  is  low  and  relatively 
pure  uranium,  solutions  are  obtained.  Uranium  can 
be  readily  recovered  from  the  leach  solutions  under 
conditions  that  enable  the  solution  to  be  recycled 
for  further  leaching. 

In  spite  of  the  advantages  of  carbonate  leaching, 
it  has  not  always  been  possible  to  compete  with  acid 
leaching  on  the  basis  of  maximum  uranium  recovery 
from  the  ores.  In  some  cases  the  fault  has  been  in  the 
manner  of  application.  Our  objective  at  this  point 
is  to  briefly  discuss  some  of  the  factors  which  must 
be  recognized  in  order  to  achieve  maximum  uranium 
extractions  with  a  carbonate  leach. 

Distribution  of   Uranium  Minerals  in  the  Ore 

It  must  be  recalled  that  carbonate  solutions  attack 
very  few  ore  components  other  than  the  uranium 
minerals  and  therefore  any  uranium  surrounded  by 
gangue  minerals  in  the  ore  particles  will  not  be 
leached.  Thus  when  using  a  carbonate  leach,  it  is 
necessary  to  grind  the  ore  sufficiently  fine  to  liberate 
the  desired  percentage  of  uranium  mineral.  The  grind 
required  will  vary  depending  on  the  ore.  On  the 
Colorado  Plateau  some  ores  are  sandstones  in  which 
the  uranium  minerals  are  found  with  the  material 
cementing  together  the  sand  grains.  Such  ores  require 
grinding  only  to  the  sand  grain  size  to  liberate  the 
uranium.  At  the  opposite  extreme  are  found  lime- 
stone ores  in  which  the  uranium  minerals  are  present 
as  intergrowths  and  inclusions  with  calcite  and 
fluorite.31  In  these  ores  we  find  that  the  finer  the 
grind,  even  to  the  extent  of  pulverization  to  micron 
size,  the  greater  the  extraction  possible. 

Chemical  Nature  of  Uranium  Minerals 
In  the  course  of  our  work  with  Colorado  Plateau 
ores  we  have  attempted  to  gain  information  on  the 
chemical  properties  of  uranium  minerals.  These 
properties  of  uranium  minerals  have  been  generally 
neglected  and  we  have  found  little  helpful  informa- 
tion in  the  literature.  From  the  standpoint  of  the 
chemical  constituents  the  uranium  minerals  have 
been  classified32  as  arsenates,  carbonates,  molybdates, 
niobates-tantalates-titanates,  oxides,  phosphates,  sili- 
cates, sulfates  and  vanadates.  From  our  studies  to 
date,  we  may  generalize  that  the  simple  and  complex 
arsenate,  carbonate,  molybdate,  phosphate,  sulfate, 
and  vanadate  minerals  of  hexavalent  uranium  are  all 
readily  soluble  in  carbonate  leach  solutions.  The 
silicate  minerals,  however,  because  of  their  complex 
polymeric  nature,  can  be  expected  to  dissolve  with 
difficulty  in  carbonate  leach  solutions.  The  dissolu- 
tion would  be  favored  by  high  pH  and  temperature, 
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which  conditions  promote  the  depolymerization  and 
solubility  of  silicates.  In  our  studies  of  uranophane 
mineral  specimens  we  observe  that  uranophane  dis- 
solves slowly  and  apparently  incompletely  in  carbo- 
nate leach  solution.  The  presence  of  oxidants  is  not 
beneficial.  Coffinite,  reportedly  a  basic  uranous 
silicate  mineral,  has  also  been  studied.  We  find  that 
with  the  use  of  oxidants  this  mineral  can  be  dissolved 
in  carbonate  leach  solution. 

The  simple  oxide  minerals  of  hexavalent  uranium 
are  readily  soluble  in  carbonate  solutions.  The  quad- 
rivalent oxides  and  mixed  oxides  can  be  dissolved 
completely  only  with  the  use  of  oxidants.  The  rate 
of  solution  of  these  reduced  oxides  in  the  presence 
of  oxidants  appears  to  be  greater  for  the  uraninite 
samples  from  Colorado  Plateau  ores  than  for 
uraninite  samples  from  vein  deposits  in  Canada.  In 
view  of  the  known  variation  in  reactivity  of  the 
uranium  oxides  with  their  method  and  conditions 
of  preparation0  this  difference  in  rate  is  not  surpris- 
ing. It  might  be  expected  to  vary  to  some  extent  for 
each  individual  ore  deposit.  Similar  differences  in 
reactivity  might  also  be  expected  for  minerals  other 
than  the  oxides. 

Uranates  are  included  under  the  classification  of 
oxides.  We  have  not  studied  any  mineral  specimens 
identified  as  uranates  or  any  ores  reported  to  contain 
them.  However,  we  have  made  in  the  laboratory  the 
uranates  of  several  metals.  Many  of  these  fail  to 
dissolve  in  carbonate  leach  solution.  In  some  cases 
the  refractory  uranates  can  be  solubilized  by  the 
addition  to  the  leach  solution  of  some  reagent  which 
will  solubilize  the  cation.  For  example  PbUO4  is 
essentially  insoluble  until  ethylenediamine  tetra- 
acetic  acid  is  added  to  the  leach  solution.  This  be- 
havior may  indicate  that  an  insoluble  lead  carbonate 
film,  formed  on  the  surface  of  the  compound,  retards 
its  solution.  Since  uranates  generally  cannot  be 
precipitated  from  a  carbonate  leach  solution  of 
uranium  under  the  conditions  of  its  use,  this  implies 
that  the  failure  of  uranates  to  dissolve  is  due  to  the 
presence  of  some  such  rate  inhibiting  factor  as  an 
insoluble  surface  film. 

The  complex  niobates-tantalates-titanates  might  be 
expected  to  be  refractory  in  carbonate  solutions  to  a 
greater  extent  than  silicates.  These  minerals  are  most 
frequently  found  in  pegmatite  ores,  which  are  not 
of  any  importance  at  present  as  a  source  of  uranium. 
We  have  had  no  experience  with  these  minerals. 

Chemical   Behavior  of  Uranium  Minerals 
on   Roasting   Uranium  Ores 

The  above  generalizations  with  regard  to  the 
solubility  of  various  minerals  do  not  necessarily 
apply  when  the  ores  have  been  roasted  prior  to 
leaching.  In  the  past  such  roasting  has  frequently 
been  employed  in  milling  operations  to  either  im- 
prove filtering  characteristics  or  to  improve  vanadium 
extractions  from  carnotite  type  ores. 

It  is  well  known  that  UO2  and  UO3  react  readily 
and  at  relatively  low  temperatures  with  basic  oxides 


and  some  of  their  salts  to  form  uranates.0  Undoubt- 
edly, many  of  the  complex  uranium  minerals  will 
react  in  the  same  manner.  Thus  the  formation  of 
uranates,  which  as  we  mentioned  above  are  fre- 
quently insoluble  or  difficultly  soluble  in  carbonate  so- 
lution, probably  accounts  for  the  refractory  nature  of 
many  uranium  ores  to  carbonate  leaching  following 
roasting.  We  have  observed  in  working  with  urani- 
nite specimens  containing  from  4.5-60%  U3O8,  that, 
following  a  roast  at  500°  C  in  air,  uranium  extrac- 
tions are  slightly  higher  than  before  roasting.  How- 
ever, after  such  a  roast  the  total  extractions  obtained 
with  the  use  of  an  oxidant  are  not  as  great  as  those  ob- 
tained from  the  unroasted  ore.  Following  an  air  roast 
at  850° C,  extractions  were  very  low  and  oxidants  were 
ineffective  in  increasing  them.  The  only  exceptions 
to  these  results  were  cases  in  which  a  large  quantity 
of  vanadium  was  closely  associated  with  the  uranium. 
In  these  cases  the  roasted  minerals  were  readily 
soluble  in  carbonate  leach. 

Titrations  of  acid  solutions  of  the  samples  follow- 
ing roasting  indicate  that  in  all  cases  only  hexavalent 
uranium  is  present.  Thus  the  uraninite  has  reacted 
during  the  roast  with  other  components  of  the  ore, 
probably  to  form  uranates  in  the  cases  in  which 
a  refractory  nature  appeared  and  to  form  soluble 
uranyl  vanadates  in  the  samples  with  high  vanadium 
content.  The  effectiveness  of  excess  V2Or)  during 
roasting  in  improving  subsequent  uranium  extractions 
has  been  demonstrated  by  workers  at  Battelle  Mem- 
orial Institute.83  These  workers  further  showed  that 
other  acidic  oxides  such  as  P2O~  are  equally  bene- 
ficial. The  addition  of  V2Or>  to  ores  prior  to  roasting 
to  improve  subsequent  uranium  extractions  has  been 
used  in  mill  practice.34 

One  uraninite  sample,  obtained  from  a  pegmatite 
ore,  and  concentrated  to  78%  U3O8,  was  sufficiently 
free  from  components  other  than  uranium  that  it 
behaved  on  roasting  as  one  would  expect  of  UO2. 
That  is,  reduced  uranium  was  still  present  after 
roasting  at  850°C  and  the  use  of  oxidants  did  in- 
crease extractions  from  the  roasted  mineral. 

A  great  deal  more  study  to  completely  explain 
the  high  temperature  behavior  of  uranium  minerals, 
both  alone  and  in  the  presence  of  other  ore  con- 
stituents, is  required.  We  hope  that  the  foregoing 
comments  serve  to  emphasize  the  need  for  consider- 
ing the  chemical  nature  of  the  uranium  minerals 
in  the  processing  operations  to  which  the  ore  is 
subjected  prior  to  the  application  of  the  carbonate 
leach. 

Nature  of  the  Carbonate  Leach  Solution 

An  important  factor  affecting  the  extraction  of 
uranium  from  ores  is  the  pH  of  the  carbonate  leach 
solution.  The  solubilization  of  a  hexavalent  uranium 
mineral,  such  as  carnotite,  and  a  quadrivalent  ura- 
nium mineral,  such  as  uraninite,  may  be  represented 
by  the  following  equations : 

K2(U02)2(V04)2-3H20  +  6C03=  =  2K+  + 
2[U02(CO3)3]4-  +  2VO3-  +  4OH-  +  H2O    (21) 


34 
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2[UOa(C03)3l*-  f  40H-          (22) 

The  above  equations  demonstrate  that  hydroxide  ion 
is  formed  in  the  dissolving  reactions.  Since  uranates 
will  precipitate  when  the  hydroxide  ion  concentra- 
tion becomes  sufficiently  high,  according  to  the 
equation : 

2[U(  ),,(0  >3),]4-  +  GOH-  f  2Na+  = 

Na2iy>7  +  6CT),-  f-3Jl,()  (23) 

some  bicarbonate  is  generally  required  in  the  leach 
solution  to  remove  this  hydroxide  ion  and  thereby 
prevent  any  uranate  formation. 

Another  important  factor  to  consider  is  the  main- 
tenance of  oxidizing  conditions  in  the  leaching 
process.  As  we  have  previously  mentioned,  oxidants 
are  essential  in  order  to  achieve  the  solution  of 
reduced  uranium  minerals.  Oxidants  may  also  be 
required  if  reducing  substances  are  present  in  the 
ore  or  introduced  during  the  processing  operations. 
Table  IV  illustrates  the  different  uranium  extractions 
obtained  by  carbonate  leaching  (with  no  oxidant 
present)  of  an  ore  following  grinding  in  an  iron 
ball  mill  as  compared  with  grinding  in  a  porcelain 
ball  mill.  These  data  demonstrate  that  reducing  con- 
ditions in  the  leach  solution,  such  as  that  caused 
by  finely  divided  iron  picked  up  in  the  milling 
operation,  are  capable  of  decreasing  the  uranium 
extractions  from  an  ore.  Aeration  of  the  solution 
during  leaching  is  capable  of  overcoming  this  effect 
from  grinding  in  an  iron  ball  mill. 

Table  IV.   Effect  of  Grinding  Procedure  on  Uranium 

Extractions  Obtained  from  Utex  Ore  by  Carbonate 

Leaching* 


Grinding  conditions 


Per  cent  uranium  extraction? 


Ball  mill 

Media 

Mesh  sisc 

Iron 
Iron 
Porcelain 
Porcelain 

Water 
Water 
Water 
Water 

-  100 

-200 

-100 

-200 

83 
24 
90 
V2 

*  Leaching  conditions :  Ground  unroasted  ore  contacted  for 
JS^  hours  with  0.5.V\a2C03-0.5^NaIICO;,  solution  at 

From  the  oxidation  potentials  given  for  Equations 
18,  19,  and  20,  it  is  apparent  that  weak  oxidizing 
agents  should  suffice  for  oxidizing  reduced  uranium 
oxides.  However,  from  a  practical  standpoint  the 
oxidant  selected  must  be  inexpensive  and  rapid  in 
its  action. 

From  the  standpoint  of  rapidity  we  find  that 
MnO.j-  is  the  best  oxidant  while  from  the  stand- 
point of  cost  air  appears  most  desirable.  Because 
of  its  economic  advantages,  some  detailed  studies 
of  air  oxidation  have  been  carried  out  by  various 
investigators.  Workers  at  the  Canadian  Department 
of  Mines  have  investigated  the  process  applications 
of  air  oxidation  at  atmospheric  pressures.  Such 
atmospheric  aeration  requires  long  retention  times 
('e.g.,  48  hours)  to  achieve  complete  oxidation. 


2345 
Time,  hours 

Figure   11.   Dissolution   of   U8O»  in   0.5M   Na2CO3-0.5M   NaHCOa 
solution   using   air  oxidation   with  and   without  Cu++  present 

These  retention  times  may  be  materially  shortened 
(e.g.,  to  four  hours)  by  the  use  of  high  pressure 
leaching  as  demonstrated  by  workers  at  the  Univer- 
sity of  British  Columbia.85*30 

In  our  laboratory  we  are  currently  investigating 
the  use  of  catalysts  to  speed  up  the  air  oxidation 
of  reduced  uranium  minerals  without  resort  to  high 
pressures.  Figure  11  demonstrates  recently  obtained 
results  on  the  effectiveness  of  Cu4"*"  in  increasing 
the  rate  of  air  oxidation  of  the  compound  V:i()H  at 
atmospheric  pressure.  Also  included  in  this  figure 
for  comparison  is  the  dissolution  curve  obtained 
using  MnO.i~  as  an  oxidant. 

RECOVERY  OF  URANIUM  FROM  CARBONATE 
LEACH  SOLUTION 

General 

There  are  two  methods  presently  in  commercial 
use  for  the  recovery  of  uranium  from  carbonate 
solutions.  A  method  used  on  solutions  containing 
both  uranium  and  vanadium  is  to  acidify  the  solu- 
tions to  a  pH  of  approximately  6.  At  this  point  a 
"synthetic  carnotite"  (sodium  uranyl  vanadate ) 
precipitates.  This  precipitate  is  fused  with  soda  ash, 
salt,  and  sawdust  to  form  UO2  and  sodium  vana- 
dates.  A  marketable  UO2  product  is  obtained  by 
leaching  out  the  soluble  sodium  vanadate  from  the 
fused  mass.  The  filtrate  from  the  uranium  precipita- 
tion is  heated  and  acidified  further  to  a  pi  I  of  ap- 
proximately 2.5  where  a  vanadium  oxide,  "red  cake", 
precipitates. 

The  other  process  for  precipitation  of  uranium  is 
applied  to  solutions  containing  little  or  no  vanadium 
and  makes  use  of  a  base  to  precipitate  a  uranate.  It 
has  been  found  that  high  concentrations  of  vanadium 
interfere  with  the  precipitation  of  the  uranate.  More 
detailed  descriptions  of  these  processes  may  be  found 
in  the  literature.33- 3f.38.3o 

Development  work  has  been  conducted  on  processes 
for  removing  the  vanadium  prior  to  caustic  precipita- 
tion of  uranium.  These  processes  are  based  upon  the 
use  of  an  inorganic  cation  to  precipitate  an  insoluble 


THE  CARBONATE  CHEMISTRY  OF  URANIUM 


35 


vanadate.  The  principal  ions  used  have  heen  Fe^  + 
and  Ph"*"1".  The  use  of  Pb++  appears  to  offer  definite 
advantages  over  that  of  Fe f  +  since  lead  sitlf ate  may 
be  recovered  and  recycled  by  leaching  the  lead 
vanadate  with  sulfuric  acid.  The  acid  leach  may  then 
be  heated  to  precipitate  V.2OV  Use  of  ferrous  sulfate 
has  the  objection  that  extensive  formation  of  FeCO3, 
Fe(OH)2  or  Fe(OU):i  does  occur,  when  vanadium 
concentrations  are  low,  thereby  resulting  in  high 
reagent  consumptions  and  incomplete  vanadium 
precipitation. 

Reduction  of  Uranium  and  Vanadium  in  Carbonate 
Solutions 

Uranium  may  be  reduced  by  suitable  reducing 
agents  to  the  u rations  carbonate  complex  as  sug- 
gested by  Kquation  24: 

[U02(0\)a]*-   I   2CO:r  4  211.0  -f  2<-  = 

[U(CO;Or,]6-  +  40H-  (24) 

At  higher  pJl's  and  temperatures,  this  complex  will 
decompose  to  the  green  uranous  hydroxide  accord- 
ing  to  Initiations  25  and  26. 

).,)r,]"-  +  40H-=  U(OH)4  +  5CO:r  (25) 


(26) 


iKoiih-Miu'Oa    t- m»= 


If  the  conditions  of  high  pH  or  high  temperature 
are  present  during  the  reduction  reaction,  it  appears 
that  a  hydrated  mixed  oxide  is  formed,  e.g., 
U3OH-.rJ-I2O,  although  some  investigators40  believe 
the  compound  to  be  uranous  oxide,  UOg. 

In  the  event  that  vanadium  is  also  present,  it  will 
be  reduced  concurrently  with  the  uranium.  Vanadium 
(V)  is  reduced  to  the  (TU)  state  and  precipitated 
as  the  vanadic  hydroxide  V-(OH).,  or  the  oxide41 
V.,O.;  according  to  Equations  27  or  28. 


vo, 

2VO 


a 


!  2<--v«)ll)!l  I-  3011-       (27) 

>  i  4i-  =  v,o.  +  r>(m-        (28) 


The  reduction  of  vanadium  is  a  consecutive  reaction 
with  a  soluble  \anadium (  IV)  species  as  an  inter- 
mediate. A  typical  rate  curve  for  this  reduction  is 
shown  in  Fig.  12.  The  reducing  agent  was  sodium 
amalgam.  The  data  were  obtained  by  titrating,  electro- 
metrically,  an  acidified  aliquot  of  filtered  solution 
with  KMnO,  to  obtain  the  concentration  of  vana- 
dium(lV)  and  then  back-titrating  with  FeS(  ).i  to 
obtain  the  total  vanadium  present.  The  difference 
between  the  initial  vanadium  concentration  and  the 
total  in  solution  as  found  b\  titration  gave  the  amount 
of  vanadium  (  III)  precipitated.  The  rate  of  the  reduc- 
tion o f  (  V )  to  ( 1 V )  is  approximately  first  order  i f  the 
induction  period  is  neglected. 

Several  reducing  agents  such  as  sodium  dithionite 
(Na^S^O,).  zinc  rind  ammonia,  and  zinc  and  cyanide 
have  been  tried  on  a  laboratory  scale  for  the  reduc- 
tion of  uranium  in  carbonate  solutions.  Although, 
in  general,  these  methods  appear  to  be  satisfactory, 
they  do  not  appear  to  be  economically  feasible  and 


they  have  the  added  disadvantage  of  introducing 
impurities  which  may  possibly  impair  the  effective- 
ness of  the  leach  solution  upon  recycling. 

The   Hydrogen  Reduction   Process 

Forward  and  Halpern40  developed  a  method  of 
reduction  by  hydrogen  in  the  presence  of  a  nickel 
catalyst.  It  was  found  that  the  rate  of  precipitation 
was  directly  proportional  to  the  amount  of  nickel 
and  to  the  square  root  of  the  partial  pressure  of 
hydrogen.  For  a  practical  operation,  temperatures  of 
100-1 5()°r  and  hydrogen  partial  pressures  of  50-200 
psi  are  recommended  with  the  amount  of  catalyst 
variable  to  control  the  rate.  The  amount  of  catalyst 
would  normally  be  in  the  range  of  3-10  gm/1. 
Although  the  process  has  the  disadvantage  of  being 
a  pressure  operation  this  is  offset  to  a  certain  extent 
by  a  rapid  rate  of  precipitation.  The  advantage  of 
this  process  is  that  no  contaminating  agents  enter 
the  solution  and  the  nickel  may  be  recovered  readily 
by  a  magnetic  separator. 

The  Sodium  Amalgam  Reduction  Process 

A  reducing  agent  that  has  been  investigated  quite 
widely  in  the  United  States  and  Canada  is  sodium 
amalgam.  The  advantage  of  the  amalgam  is  that  the 
mercury  has  a  high  hydrogen  over-voltage  and  very 
dilute  solutions  of  sodium  in  mercury  will  not  de- 
compose water  in  strongly  basic  solution.  For  an 
efficient  operation,  it  is  important  that  the  side 
reaction  of  the  amalgam  and  water  be  minimized. 
Conditions  necessary  to  reduce  the  reaction  between 
the  sodium  and  water  are  a  low  concentration  of 
sodium  in  amalgam,  low  temperature,  high  pH,  and 
vessels  containing  the  amalgam  and  solution  must  be 
fabricated  from  non-conducting  material.  In  general, 
amalgams  containing  on  the  order  of  0.02%  by  weight 
sodium  and  operating  temperatures  of  approximately 
25  °C  appear  to  be  most  suitable  for  a  production 
operation  on  the  usual  leach  solutions.  Under  these 
conditions,  sodium  efficiencies,  i.e.,  ratio  of  equivalents 
of  material  reduced  to  the  equivalents  of  sodium 
expended,  on  the  order  of  80%  may  be  obtained. 


6        8      10     12     14      10     jy 
Time,  minutos 

Figure   12.  Sodium  amalgam   reduction  of  vanadium  in 
carbonate  solution 
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The  rate  of  reaction  between  the  amalgam  and 
the  uranium  in  the  solution  is  proportional  to  the 
surface  area  of  the  amalgam  and  therefore  all  types 
of  contactors  have  as  their  objective  a  fine  dispersion 
of  amalgam  throughout  the  solution.  Several  con- 
tactors including  an  amalgam  spray  tower,  a  packed 
tower  with  countercurrent  flow  of  solution  and 
amalgam,  and  various  types  of  agitators  acting  in 
an  amalgam  pool  have  been  investigated.  The 
foregoing  methods  are  all  satisfactory,  but  care  must 
be  taken  during  the  operation  to  avoid  flouring  the 
mercury. 

Amalgam  may  be  produced  either  electrolytically 
from  brine  or  by  direct  combination  of  sodium  and 
mercury  under  controlled  conditions,  but  the  eco- 
nomics favor  electrolytic  production. 

The  Electrolytic  Reduction  Process 

Chemical  reduction  of  the  uranium  as  a  recovery 
method  led  naturally  to  the  investigation  of  electro- 
lytic methods.  The  classical  method  for  the  produc- 
tion of  amalgam  is  the  mercury  cathode  cell  and, 
since  the  amalgam  was  found  to  be  capable  of 
reducing  the  uranium  and/or  vanadium,  the  mercury 
cathode  cell  was  one  of  the  first  cells  tried.  As  has 
been  explained  previously  in  this  paper,  both  ura- 
nium and  vanadium  go  through  a  soluble  inter- 
mediate stage  during  reduction  and,  therefore,  a 
diaphragm  is  required  in  the  cell.  The  function  of 
the  diaphragm  is  to  minimize  migration  of  the  soluble 
reduced  compounds  to  the  anode  where  they  would 
undergo  oxidation.  In  this  respect  the  cell  used  for 
reduction  differs  from  the  conventional  mercury 
cathode  cell  since  no  diaphragm  is  necessary  in  the 
production  of  caustic  soda.  Other  principal  dif- 
ferences are  that  the  mercury  is  not  cycled  through 
the  cell  and  that  the  solution  is  agitated.  Most  of 
the  common  diaphragm  materials,  such  as  canvas, 
alundum,  and  asbestos  are  satisfactory  except  when 
solutions  obtained  from  salt  roasted  ores  are  used. 
Then  the  C12  or  C1O~  formed  attacks  canvas.  The 
development  of  ion  exchange  membranes,  particularly 
the  cation  type  of  membrane,  offers  a  good  diaphragm 
material  since  the  reduced  compounds  are  present  as 
anions  and  will  not  be  exchanged  by  the  cation  ex- 
changer hence  migration  is  prevented  theoretically. 

It  was  found  that  for  a  given  current  the  rate 
of  precipitation,  or  current  efficiency,  increases  with 
decreasing  cathode  current  density,  increasing  tem- 
perature, agitation,  and  uranium  concentration.  In 
the  case  of  reduction  by  amalgam  it  was  found 
that  increased  temperature  lowered  the  hydrogen 
over-voltage  which  led  to  inefficient  operation.  How- 
ever, in  electrolysis  the  increased  rate  of  reduction 
with  temperature  offsets  the  decrease  in  hydrogen 
over-voltage.  A  further  advantage  of  elevated  tem- 
peratures is  that  the  cell  voltage  is  lower  for  a  given 
current  flow,  thus  reducing  power  consumption.  In 
the  case  of  carbonate  solutions  containing  only  ura- 
nium it  is  usually  necessary  to  accompany  the  reduc- 


tion with  heating  in  order  to  break  up  the  soluble  (IV) 
carbonate  complex  and  precipitate  uranium.  However, 
if  the  electrolysis  of  cold  solutions  is  carried  far 
beyond  the  point  for  complete  reduction  of  uranium, 
sufficient  hydroxide  will  be  generated  to  precipitate 
U(OH)4.  When  vanadium  is  present  it  appears  that 
sufficient  hydroxide  is  liberated  during  the  reduction 
of  vanadium  (see  Equations  27  or  28)  to  precipitate 
U(OH)4,  and  therefore  the  electrolysis  may  be  con- 
ducted at  room  temperatures. 

Preliminary  cost  estimates  indicate  that  optimum 
operating  conditions  are  achieved  using  cathode 
current  densities  of  0.3  to  0.5  amp/in2  and  tem- 
peratures of  approximately  80° C. 

Some  investigators  have  tried  cathode  materials 
other  than  mercury  and  the  results  have  been  incon- 
clusive. Workers  at  Rohm  and  Haas  have  reported 
that  uranium  may  be  reduced  in  carbonate  solutions 
by  platinum,  graphite,  or  copper  cathodes.  On  the 
other  hand,  workers  at  American  Cyanamid  Com- 
pany and  The  Merrill  Company  reported  that  only 
water  is  reduced  by  cathodes  of  materials  other  than 
mercury;  this  reduction  of  the  water  liberates  suf- 
ficient OH""  to  bring  about  precipitation  of  the 
sodium  uranates.  The  problem  of  reducing  uranium 
at  these  other  cathode  materials  appears  quite  com- 
plex since  it  involves  adjusting  the  operating  variables 
such  as  pH,  temperature,  cathode  current  density, 
and  cathode  potential.  A  qualitative  picture  may  be 
obtained  from  Fig.  13  which  shows  the  effect  of 
increased  current  densities  on  the  reduction  process. 
At  the  low  current  densities  the  reduction  potential 
plus  over-voltage  for  uranium  is  less  than  the 
potential  for  water  plus  hydrogen  over-voltage  but, 
as  current  density  increases,  the  over-voltage  for 
uranium  reduction  probably  increases  more  rapidly 
than  that  of  the  hydrogen  over-voltage  so  that  the 
reduction  of  water  will  become  the  principal  reaction. 

Thus  it  may  be  seen  that  cathode  potential  must 
be  less  than  that  represented  by  A  in  Fig.  13  in 
order  that  uranium  reduction  be  the  cathode  reac- 
tion. Increased  temperature  tends  to  lower  the  over- 
voltage  and  therefore  conditions  must  be  adjusted 
so  that  the  cathode  current  density  or  cathode  poten- 
tial is  less  than  that  of  point  A.  On  the  other  hand, 
increased  pH  increases  the  reduction  potential  of 
the  water  so  that  this  curve  is  raised  and,  therefore, 
higher  current  densities  and  cathode  potentials  may 
be  used.  We  have  found  that  uranium  is  reduced 
at  a  copper  cathode  when  the  cathode  potential  is 
approximately  —1  volt  vs  the  saturated  calomel 
electrode. 

Other  Recovery  Processes 

Uranium  present  in  carbonate  solutions  as  the 
uranyl  tricarbonate  complex  may  be  recovered  from 
solution  by  anion  exchange  resins.  Workers  at 
American  Cyanamid  Company,  National  Lead  Com- 
pany, and  Dow  Chemical  Company  have  investigated 
this  process. 
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Figure  13.   Reduction  potentials  of  [UOa(CO*)s]~4  and  HaO 

A  solvent  extraction  system  for  the  recovery  of 
uranium  from  carbonate  leach  solutions  is  being 
developed  in  our  laboratories  at  the  present  time. 

Uranium  recovered  by  precipitation  of  an  insoluble 
salt  of  the  uranyl  tricarbonate  complex  has  been 
investigated,  but  no  practical  precipitant  has  been 
found. 

Discussion 

The  selection  of  any  recovery  process  is  of  course 
dependent  principally  on  the  economics  of  the  process 
considered  in  view  of  costs  at  the  plant  site.  Pre- 
liminary estimates  indicate  that  cost  of  the  reduction 
processes  and  a  combined  lead  vanadate  and  sodium 
uranate  precipitation  process  are  very  favorable 
compared  to  the  acidification  method  for  recovery 
from  vanadium  bearing  solutions.  Estimates  were 
not  made  for  possible  ion  exchange  or  .solvent  ex- 
traction processes. 

For  recovery  from  solutions  containing  only  ura- 
nium, all  processes  appear  competitive.  The  reduc- 
tion processes  are  more  attractive  than  caustic 
precipitation  however,  since  they  yield  a  uranium 
oxide  which  is  of  higher  grade  than  that  obtained 
in  the  case  of  a  uranate  precipitate. 
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Accelerated  Thickening  and  Filtering  of  Uranium  Leach  Pulps 


By  Joe  B.  Rosenbaum*  and  J.  Bruce  Clemmer,t  USA 


The  mechanical  handling  problem  associated  with 
separation  of  solids  from  liquids  has  markedly  in- 
fluenced the  selection  and  development  of  uranium 
ore  treatment  processes.  Pre-roasting  of  ores  and 
use  of  common  flocculating  agents  as  starches  and 
glues  have  been  helpful  for  accelerating  thickening 
and  filtering  of  some  ores  but  showed  little  benefit 
on  others.  Research  was  initiated  early  in  1953  at 
the  Intermcmntain  Experiment  Station  of  the  United 
States  Bureau  of  Mines,  Salt  Lake  City,  Utah,  to 
find  better  additives  for  improving  thickening  and 
filtration  of  uranium  leach  pulps  and  other  plant 
products. 

The  work  at  Salt  I-ake  City  is  continuing  on 
reagent  screening  tests,  fundamental  aspects  of  floc- 
culation  and  sedimentation,  and  development  of 
techniques  needed  for  commercial  adaptation  of  the 
findings.  This  report  presents  first,  a  summary  of 
the  initial  reagent  screening  tests;  next,  the  results 
of  tests  illustrating  the  effects  of  the  more  important 
variables  on  application  of  specific  reagents ;  and 
concludes  with  a  summation  of  pertinent  guides 
governing  the  effective  employment  of  various  addi- 
tives for  accelerating  thickening  and  filtering. 

Several  hundred  potential  reagents  including  in- 
organic chemicals,  reserve  carbohydrates,  gums, 
glues,  starches  and  synthetic  polymers  were  tested 
during  the  study.  It  is  recognized  that  only  a  few 
potentially  suitable  reagents  were  tested  and  that 
some  of  those  scanned  did  not  api>ear  to  best  ad- 
vantage under  the  test  conditions  employed.  Early 
dramatic  success,  however,  was  had  with  locust  bean 
gum  and  then  guar  gum  and  cactus  juice.  Intensified 
industrial  interest  subsequently  led  to  development 
of  synthetic  polymers  which  are  as  good  or  better 
flocculants  than  the  natural  products. 

Reagents  showing  most  promise  in  the  screening 
tests  were  exhaustively  tested  on  diverse  ore  types. 
It  was  found  that  guar  gum,  Separan,  DF-381.  and 
pear  cactus  extract  were  the  most  widely  applicable 
of  the  reagents  examined.  As  little  as  0.05  to  more 
than  1  pound  per  ton  of  a  particular  reagent  was 
needed,  according  to  circumstances.  Use  of  these 
additives  often  improved  the  thickening  rate  fifty  fold 
and  the  filtration  rate  twenty-fivefold.  Of  the  four 
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reagents  mentioned,  only  guar  gum  and  Separan  are 
commercially  available.  It  is  evident  from  the  data 
later  presented  that  the  effectiveness  of  the  flocculants 
depends  on  ore  type,  leach  procedure,  and  reagent 
application  technique.  The  selection  of  a  flocculant  for 
a  specific  application  would  necessitate  comparative 
testing  and  economic  evaluation. 

EXPLORATORY   SCREENING   TESTS 

Exploratory  flocculation  tests  were  made  by  adding 
increasing  quantities  of  the  potential  reagent  to  both 
acid  and  carbonate  leach  slurries  of  Lukachukai  or 
Slick  Rock  ores  at  pH  1.0  and  10.2,  and  observing 
the  improvement,  if  any,  in  the  settling  rate.  Quanti- 
tative thickening  tests  using  the  classical  method  of 
Coe  and  Clevcngcr1  subsequently  were  made  on  the 
more  promising  reagents.  The  outstandingly  effective 
reagents  under  the  conditions  of  the  test  are  listed 
in  Table  1. 

In  order  to  establish  wide  parameters  of  applica- 
bility for  the  more  promising  reagents,  systematic 
testing  was  done  on  the  following  five  Colorado 
Plateau  ores  of  generally  different  handling  charac- 
teristics: Slick  Rock,  Lukachukai,  Temple  Moun- 
tain, Utex,  and  White  Canyon.  The  scope  of  the 
study  was  further  extended  to  pulps  from  acid  leach- 
ing the  ores  at  both  ambient  temperature  and  90° C, 
and  carbonate  leaching  at  90°  C.  The  leach  procedures 
employed  gave  uranium  extractions  similar  to  com- 
mercial practice.  The  terminal  pH  at  the  end  of  acid 
leaching  was  0.5  to  1.0.  A  solution  containing  5  per 
cent  NaCO3  and  2  per  cent  NaIICO3  used  in  the 
alkaline  leach  gave  a  terminal  pH  of  10.2. 

All  reagents  except  the  cactus  extract  were  made 
up  as  0.5  per  cent  solutions.  The  gum  solutions  were 
made  by  slowly  sifting  the  powder  into  vigorously 
agitated  water  at  80°C.  After  15  minutes  of  agitation, 
1  ml  of  37  per  cent  formaldehyde  was  added  per 
liter  of  solution  as  a  preservative.  The  cactus  extract 
was  prepared  by  passing  the  prickly  pear  cactus 
nodes  twice  through  a  meat  chopper  then  agitating 
100  grams  of  the  pulp  in  a  liter  of  water  for  an  hour. 
Suspended  solids  were  filtered  out  and  discarded. 

Preliminary  visual  settling  tests  were  made  to 
determine  the  quantity  of  reagent  necessary  for  max- 
imum flocculation  of  the  leach  slurry.  Subsequently, 
quantitative  thickening  and  filtering  tests  were  made 
with  this  reagent  addition.  The  leach  slurry  in  a 
1 -liter  graduate  was  diluted  to  25  per  cent  solids  by 
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addition  of  pli  1.5  water  or  carbonate  solution.  The 
flocculant  then  was  added  and  mixed  with  the  pulp 
by  inverting  the  cylinder  three  times.  The  thickener 
area  was  calculated  from  the  single-zone  settling 
rate.  After  settling  at  room  temperature  for  19  hours 
the  supernatant  liquor  was  decanted  and  the  thick- 
ened pulp  was  filtered  on  an  18-cm  Buchner  using 
Reeves- Angle  No.  202  paper  under  a  vacuum  of  16 
to  18  inches  of  mercury.  The  time  to  dry-top  for 
primary  filtration  plus  two  75-ml  displacement  washes 
was  a  relative  index  of  filtfrability. 

The  results  of  pertinent  tests  on  Slick  Rock  ore 
are  summarized  in  Table  IT.  Except  for  minor  vari- 
ations, the  other  ores  behaved  in  a  similar  manner. 
The  typical  thickening  and  filtering  data  given  for 
Slick  Rock  ore  demonstrate  the  advantages  gained 
from  use  of  aggregating  agents.  These  and  other 
tests,  however,  failed  to  show  a  costwise  superiority 
for  a  specific  reagent  under  all  of  the  conditions 
investigated. 

INFLUENCE  OF  SLURRY  DILUTION  ON   EFFECTIVE- 
NESS  ON  FLOCCULANTS 

Tests  were  made  on  both  acid  and  carbonate  leach 
slurries  of  Slick  Rock  ore  at  50  per  cent  solids,  and 
after  dilution  to  33  and  25  per  cent  solids,  in  order 
to  observe  the  effect  of  slurry  dilution  on  reagent 
performance.  All  leaches  were  at  50  per  cent  solids 
for  6  hours  on  300-gram  charges  of  ore  dry -ground 
through  65  mesh.  Sufficient  acid  was  used  in  the  am- 
bient temperature  leach  to  give  a  pli  of  0.5  to  1.0. 
Solution  assaying  5  per  cent  Na2CO3  and  2  per  cent 
NaIICO;i  was  used  in  carbonate  leaching  at  90° C. 

The  leach  slurries  were  transferred  to  1-liter  gra- 
duates and  diluted  with  pi  I  1.5  water  or  carbonate 
solution  to  the  desired  pulp  density.  Guar  gum  and 
Scparan  were  added  as  0.5  per  cent  solutions;  the 
cactus  as  a  10  per  cent  solution  based  on  weight  of 


Table  I.      Effective  Aggregating  Reagents  for  Acid 
and  Alkaline  Uranium  Leach  Slurries 


Reagent 


Approximate  price, 
dollars  per  pound 


American  Cyanamid,  S-3000 

Cactus  extract 

Dow   Company,   Separan 

General   Mills,   Gum  39 

Guar  gum 

Locust  bean  gum 

Rohm  and  Haas  DF-381 


1.00 
Experimental 

1.00 

0.22 
0.35  to  0.40 

0.35 
Experimental 


the  original  cactus  nodes.  The  thickening  and  filter- 
ing test  procedures  were  previously  described. 

The  data  in  Table  III  shows  that  guar  gum  was 
relatively  insensitive  to  changes  in  pulp  density, 
whereas  Separan  and  cactus  extracts  were  much 
less  effective  in  thick  than  in  thin  slurries.  The  tests 
with  0.2  pound  of  guar  gum  gave  single-zone  thicken- 
ing rates  of  0.8,  1.4,  and  2.3  square  feet  per  ton  day 
as  compared  to  14.5,  15.1,  and  6.3  square  feet  for 
comparable  unflocculatecl  acid  slurries.  Use  of  0.2 
pound  of  guar  gum  in  the  carbonate  leach  slurries 
improved  thickening  twenty  to  forty  fold  and  filtra- 
tion threefold. 

Although  0.1  pound  Separan  accelerates  thick- 
ening and  filtering  of  thin  acid  slurries,  0.4  jxnmd 
per  ton  was  barely  adequate  on  a  thick  slurry.  Cactus 
extract  behaved  similarly  with  twice  the  quantity 
being  required  for  fiocculation  of  a  thick  slurry.  As 
on  the  acid  slurries,  larger  quantities  of  both  Separan 
and  cactus  extract  were  needed  for  effective  floccu- 
lation  of  thick  carbonate  leach  slurries. 

No  clear  explanation  is  evident  for  the  contrast 
in  behavior  of  guar  gum  in  thick  slurries  as  com- 
pared to  Separan  and  cactus  extract.  Tt  might  be 
postulated  that  these  reagents  are  adsorbed  and  more 
firmly  bound  on  the  first  particles  encountered,  thus 
precluding  adequate  dissemination  of  the  reagent 


Table  II.     Influence  of  Flocculants  on  Thickening  and  Filtering  Slick  Rock  Leach 
Slurries.  Preliminary  Screening  with  Excess  Reagent 


Type  ofleath 

lflottulant 
Quantity, 
pou  nd 
Name                  per  ton 

Thickening  data 

Filtering  data 

ft*  Per 
ton  per 
day 

Terminal 
density, 
per  cent 
solids 

Filler 
time, 
minutes 

Filter 
cake, 
per  cent 
solids 

Cold  acid 

None 

_ 

12.1 

41.3 

20.0 

71.9 

Cactus 

16.7 

0.4 

59.4 

21.0 

81.7 

Hide  glue 

2.0 

3.7 

41.6 

6.0 

75.0 

Guar  gum 

0.5 

0.9 

59.3 

3.7 

75.8 

Separan 

0.5 

0.4 

57.4 

1.5 

76.3 

Hot  acid 

None 

— 

5.3 

44.3 

17.5 

73.3 

Car  *  us 

7.5 

0.4 

57.8 

6.2 

76.2 

Hif»r  glue 

1.0 

2.6 

47.5 

7.6 

70.1 

Gvi.ir  gum 

1.0 

0.7 

56.0 

2.6 

73.7 

Separan 

0.5 

0.4 

53.7 

0.8 

77.7 

Carbonate 

None 

_ 

20.8 

45.4 

6.2 

75.0 

Cactus 

8.3 

0.4 

59.8 

1.2 

75.3 

Hide  glue 

1.0 

6.9 

47.8 

9.7 

79.3 

Guar  gum 

1.0 

0.5 

60.2 

0.4 

76.2 

Scparan 

0.5 

0.3 

61.1 

0.3 

77.1 

40 
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throughout  the  thick  pulp.  The  effect  of  reagent 
dilution  which  bears  on  this  same  problem  is  taken 
up  in  the  following  section. 

EFFECT  OF  REAGENT  DILUTION  ON  BEHAVIOR 
OF  FLOCCULANTS 

The  effect  of  flocculant  dilution  was  studied  on 
acid  and  carbonate  leach  slurries  of  Slick  Rock  ore. 
The  customary  0.5  per  cent  solutions  of  guar  gum 
and  Separan,  and  10  per  cent  solution  of  cactus 
were  diluted  to  the  requisite  concentration  with  pH 


1.5  water  or  carbonate  solution.  The  diluted  reagent 
then  was  used  for  final  adjustment  of  the  leach  from 
50  per  cent  to  33  or  25  per  cent  solids.  Slurry  and 
reagent  were  mixed  by  inverting  the  graduate  three 
times. 

There  was  no  significant  difference  in  the  behavior 
of  guar  gum  over  the  dilution  range  studied.  Thick- 
ening and  filtering  rates  were  the  same  when  using 
guar  solutions  of  0.5,  0.1,  and  0.01  per  cent  strength. 

Selected  data  given  in  Table  IV  for  25  per  cent 
solids  leach  slurries  show  that  both  Separan  and 


Table   III.     Effect  of  Leach  Slurry  Dilution  on  Reagent  Performance 


Rtavnt 

Initial 
density, 
per  cent 
solids 

Initial 
settling 
rate 
ft  per  hr 

Terminal 
density, 
per  cent 
solids 

Thickener 
area, 
ft*  Per 
ton  day 

Filtrate 
ml  per 
minute 

Acid  slurries 

No  reagent 

25 
33 

0.2 
0.1 

43.4 
47.2 

14.5 
15.1 

55 
45 

50 

0.1 

63.8 

6.3 

88 

0.2  Ib  Guar  gum 

25 
33 

3.9 
1.2 

55.4 
55.7 

0.8 
1.4 

220 
110 

50 

0.3 

65.2 

2.3 

850 

0.4  Ib  Guar  gum 

25 
33 

4.1 
2.3 

54.2 
55.4 

0.7 
0.7 

271 
235 

50 

1.6 

62.0 

0.3 

1140 

0.2  Ib  Separan 

25 
33 

2.9 
1.0 

54.8 
54.5 

1.0 
1.6 

142 
127 

0.4  Ib  Separan 

25 
33 

8.4 
3.5 

49.3 
53.6 

0.3 
0.5 

400 
244 

50 

0.2 

61.0 

2.5 

215 

18  Ib  Cactus 

25 

3.1 

51.7 

0.9 

150 

33 

0.2 

50.4 

7.2 

84 

36  Ib  Cactus 

25 

99.0 

57.8 

<0.1 

1400 

33 

2.1 

55.7 

o!9 

212 

50 

0.3 

60.8 

2.1 

205 

Carbonate  slurries 
No  reagent 

0.2  Ib  Guar  gum 
0.4  Ib  Guar  gum 

0.2  Ib  Separan 
0.4  Ib  Separan 
18  Ib  Cactus 
36  Ib  Cactus 


25 
33 
50 

25 
33 
50 

25 
33 
50 

25 
33 

25 
50 

25 
33 

25 
33 
50 


0.2 
0.1 
O.I 

10.1 
2.9 
6.4 

14.9 
5.1 
9.2 

79.0 
15.8 

188.0 
0.9 

105.0 
22.9 

317.0 

159.0 

12.8 


47.0 
49.4 
60.7 

52.3 
53.6 
60.7 

50.8 
54.8 
59.8 

59.4 
56.4 

60.1 
64.0 

62.0 
59.3 

58.6 
58.2 
62.0 


12.0 

10.8 

3.4 

0.3 
0.5 
0.1 

0.2 
0.3 
0.1 


0.1 


0.6 


88 

77 

133 

244 
238 
450 

440 
390 
675 

650 
567 

1300 

275 

1250 
450 

1350 

1350 

550 
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cactus  extract  reacted  sharply  to  dilution.  The  test 
with  0.2  pound  Separan  showed  thickening  and 
filtering  rates  were  not  greatly  different  until  a  0.005 
per  cent  solution  of  the  reagent  was  used.  At  this 
dilution,  however,  a  tenfold  increase  in  thickening  and 
a  fivefold  increase  in  filtering  rates  were  experienced. 

Cactus  extract  similarly  responded  to  dilution;  4 
pounds  of  original  cactus  as  0.25  per  cent  solution 
was  as  effective  as  18  pounds  of  a  10  per  cent  solution. 
The  settling  rate  was  increased  tenfold,  and  the 
filtering  rate  was  doubled  by  an  18-pound  cactus 
addition  as  a  1  per  cent  solution  rather  than  a  10  per 
cent  solution. 

Dilution  affected  the  performance  of  Separan  and 
cactus  extract  in  carbonate  slurries  about  the  same  as 
in  acid  pulps. 

In  order  to  benefit  from  dilution  without  intro- 
ducing extraneous  water,  recycled  pregnant  solution 
was  used  to  dilute  the  reagent.  Pregnant  solution 
from  both  acid  and  carbonate  leaching  proved  satis- 
factory for  dilution  of  slurry  and  reagents. 

INFLUENCE  OF  SLURRY  pH  ON  EFFECTIVENESS  OF 
GUAR  GUM  AND  SEPARAN 

The  effect  of  pH  on  flocculation  with  guar  gum 
and  Separan  was  examined  by  adjusting  the  pH  of 
acid  and  carbonate  leach  slurries  with  Na2CO3  or 
HoSOi  as  required.  Leach  slurries  from  300-gram 
charges  of  minus  65-mesh  Slick  Rock  ore  were  diluted 
to  33  per  cent  solids  with  pH  1.5  water  or  carbonate 
solution  prior  to  adjusting  the  pH  and  adding  the 
flocculant  as  a  0.5  per  cent  solution.  The  maximum 
permissible  pi  I  for  acid  slurries  was  about  3.0  and 
for  carbonate  slurries  10.6  as  higher  pH  caused 
precipitation  and  vitiated  the  test  data. 

Both  guar  gum  and  Separan  were  shown  to  be 
better  in  alkaline  than  in  acid  slurries.  However,  the 
results  in  Table  V  do  not  otherwise  indicate  that  pH 
has  marked  influence  on  the  performance  of  the 
reagents  within  the  ranges  studied. 

OBSERVATIONS  AND  GUIDES  ON   USE  OF 
FLOCCULANTS 

The  data  and  observations  from  the  research 
showed  that  several  factors  have  a  pronounced  effect 
on  flocculants  for  accelerated  thickening  and  filtration 
of  uranium  leach  pulps.  The  more  pertinent  factors 
encountered  in  testing  and  applying  flocculants  are 
reviewed  briefly. 

Reagents  Storage  and  Preparation 

No  particular  storage  or  solution  preparation 
problems  were  encountered  when  using  the  synthetic 
polymers.  The  vegetable  g»tms,  however,  must  be 
kept  dry  in  storage  and  care  taken  in  preparing  the 
water  sols  to  insure  a  smooth  lump-free  reagent.  The 
0.5  per  cent  gum  solutions  which  are  convenient  for 
laboratory  work  are  readily  prepared  by  sifting  5 
grams  of  the  powdered  gum  slowly  into  a  liter  of 
vigorously  agitated  water  while  heating  at  80° C. 
Only  a  few  minutes  are  needed  for  feeding  the 


powder,  and  agitation  then  is  continued  for  about  15 
minutes  without  heating.  A  preservative  such  as 
formaldehyde  is  added  to  inhibit  bacterial  decay. 
Natural  gum  and  glue  solutions  prepared  in  this 
manner  showed  no  noticeable  deterioration  after 
standing  for  several  days  at  room  temperature. 

The  gums  can  be  dissolved  by  extended  vigorous 
agitation  in  cold  water.  Addition  of  a  small  quantity 
of  borax  facilitates  solution  of  the  gums.  The  borax 
also  appears  beneficial  as  the  floccules  are  more  re- 
sistant to  degradation  during  handling. 

Addition  of  Flocculant 

The  method  of  adding  the  flocculant  to  the  pulp 
appears  to  be  the  most  important  factor  governing 
effectiveness  of  the  reagent.  The  crux  of  the  problem 
is  to  disseminate  the  flocculant  uniformly  throughout 
the  slurry  without  deforming  the  floccules.  Intense 
agitation  to  distribute  the  reagent  for  maximum  ef- 
fectiveness degrades  the  fragile  floccules  and  thus 
defeats  its  own  purpose.  Data  from  several  ores 
show  that  flocculant  requirements  increase  with  in- 
tensity and  time  of  agitation. 

Flocculation  of  relatively  dilute  pulps  is  much 
easier  than  for  thick  slurries.  Determination  of  what 
constitutes  a  dilute  slurry  is  complicated  by  the  fact 
that  the  nature  of  the  solid  component  has  a  pro- 
nounced influence  on  slurry  handling;  slime  pulps 
containing  only  10  per  cent  solids  may  present  un- 
usual handling  difficulties,  whereas  other  pulps  may 
be  readily  flocculated  at  50  per  cent  solids.  When 
making  tests  on  dilute  pulps  in  graduated  cylinders, 
satisfactory  mixing  of  the  reagent  and  pulp  can  be 
obtained  by  inverting  the  cylinder  three  or  four  times. 
When  testing  thicker  slurries,  reproducible  results 
can  be  obtained  by  simultaneously  pouring  the  slurry 
and  reagent  into  a  container  and  then  further  blend- 
ing by  pouring  the  mixture  back  and  forth  into  a 
second  container  three  or  four  times.  Stage  addition 
of  the  reagent  frequently  was  beneficial. 

Reagent  Quantity 

The  optimum  quantity  of  flocculant  for  a  specific 
application  is  affected  by  a  host  of  technical  and 
economic  factors.  In  general,  smaller  quantities  are 
needed  for  accelerating  thickening  than  for  filtering. 
The  larger  quantity  required  for  filtering  may  be  due 
to  lack  of  dissemination  of  the  reagent  throughout 
the  thick  pulp.  Reagent  additions  for  thickening  may 
be  deleterious  in  subsequent  filtration  of  the  thickened 
mud.  In  such  instances  additional  reagent  is  neces- 
sary for  accelerating  filtration. 

The  intensity  of  flocculation  and  the  speed  of 
settling  can  be  varied  within  wide  limits  by  regula- 
ting the  reagent  quantity.  The  increase  in  thickening 
rate  with  guar  gum  is  almost  linear  until  a  plateau 
is  reached  and  then  regresses  upon  further  addition. 
The  plateau  may  be  reached  with  as  little  as  0.8  or 
as  much  as  20  pounds  per  ton  of  solids,  depending 
upon  the  slime  content  of  the  slurry.  Flocculation 
of  primary  ore  slimes  and  chemical  precipitates  may 


42 


VOL.  VIII         P/528         USA         J.  B.  ROSENBAUM  and  J.  B.  CLEMMER 


Table  IV.     Effect  of  Reagent  Dilution  on   Performance  of  Separan  and  Cactus 

Extract 


Reagent 

Reagent 
solution 
strength, 
per  cent 

Initial 
settling 
rate, 
ft  per  hr 

Terminal 
density, 
per  tent 
solids 

Thickener 
atea, 
f/3  per 
ton  day 

Filtrate 
ml  per 
minute 

Acid  slurry 

0.2 

43.4 

14.5 

55 

No  rragent 

0.2  ll»  Sfpar.in 

0.5 
0.1 

2.9 
1.7 

54.8 
50.8 

1.0 
1.5 

142 
220 

0.05 

1.6 

49.6 

1.6 

180 

0.01 

3.5 

50.5 

0.8 

150 

0.005 

19.0 

54.5 

O.I 

925 

1811)  Cactus 

10.0 

3.1 

51.7 

0.9 

150 

2.0 

8.8 

57.9 

0.3 

258 

1.0 

41.0 

62.4 

<0.1 

287 

4  11»  Cactus 

0.25 

2.2 

55.0 

1.3 

138 

9  ll>  Cactus 

0.1 

23.7 

56.4 

0.1 

235 

Carbonate  slurry 

No  reagent 

0.2 

47.0 

12.0 

88 

0.2  Ih  Separan 

0.5 
0.1 

79.0 
151.0 

59.4 
60.0 

<0.1 
<0.1 

650 
1500 

0.05 

178.0 

60.1 

<0.1 

1500 

0.01 

227.0 

59.2 

<0.1 

1500 

18  Ih  Cactus 

10.0 

105.0 

62.0 

<0.1 

1250 

2.0 

240.0 

59.2 

<0.1 

1250 

1.0 

200.0 

59.5 

<0.1 

1250 

4  ll>  Cactus 

0.25 

9.8 

57.0 

0.3 

160 

9  Ib  Cactus 

0.1 

97.0 

61.0 

<0.1 

1250 

require  inordinately  large  quantities  of  reagent.  The 
plateau  and  regression  observed  for  guar  and  similar 
natural  gums  were1  not  observed  when  using  Separan 
or  cactus  extract. 

When  handling  pulps  In  multiple-stage  counter- 
current  decantation,  or  by  filtration  and  repulping, 
supplemental  additions  of  reagent  generally  are  need 
ed  ahead  of  each  stage.  The  quant  it  \  needed  is  related 
to  degradation  of  the  glomerule-.  \\hen  mixing  with 
the  advancing  \\ash  solution,  hi  pilot  plant  work  at 
Salt  Lake  ('itv,  tiding  Kspcraii/a  classifiers  as  thicken- 
ers for  cmmtercurren:  \\ashing  of  intensely  floc- 
culated pulps,  it  \vas  necessan  to  install  small  mixers 
with  slow-moving  propellers  for  blending  the  thick- 
ened pulp  and  advancing  wa^h  water.  The  supple- 
mental reagent  was  added  to  the  overflow  of  the 
mixer  before  advancing  to  the  next  classifier.  Proper 
addition  of  a  small  quantity  of  reagent  '.jives  better 
flocculation  than  an  improperly  added  larger  quantity. 

Reagent  Dilution 

Use  of  dilute  solutions  of  Separan  and  cactus  ex- 
tract in  particular  greatly  increases  the  effectiveness 
of  these  reagents.  In  order  to  avoid  difficulties  in  sub- 
sequent processing  owing  to  excessive  dilution,  use 
of  recycled  pregnant  solution  as  a  reagent  diluent 


seems  indicated.  Dilution  of  the  reagent  with  pregnant 
liquor  from  either  acid  or  carbonate  processes  was 
not  detrimental  to  performance  of  the  reagent.  The 
potentially  large  benefits  possible  from  increased 
reagent  dilution  may  more  than  compensate  for  a 
higher  solution  inventory.  Sin:e  filtration  rates  gene- 
rally drop  off  with  increasing  pulp  dilution,  the  ad- 
vantages of  highly  diluted  reagents  as  an  aid  in 
filtering  mav  be  limited. 

Slurry  dilution  is  so  closely  related  to  reagent 
dilution  that  both  must  be  considered  together. 
Although  it  \\ould  seem  that  diluting  the  slurry 
should  gi\e  the  same  over-all  effect  as  diluting  the 
reagent,  indications  are  that  dilution  of  the  reagent 
is  the  more  beneficial. 

Physical  and  Chemical  Nature  of  ihe  Solids 

The  particle  size  of  the  solids  plays  a  critical  role 
in  the  use  of  additives  for  accelerating  thickening  and 
filtering.  (Quantitative  data  are  incomplete,  but  there 
are  indications  that  the  chemical  nature  of  the  solids 
has  an  important  effect  on  reagent  performance. 
Primary  ore  slime  in  the  submicron  range  and 
amorphous  chemical  precipitates,  owing  to  the  enor- 
mous surfaces  presented,  are  avid  consumers  of 
reagents.  Presence  of  large  quantities  of  slime,  even 
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Table  V.     Influence  of  Slurry  pH  on  Performance  of  Guar  Gum  and  Separan 


Rewent 


Slurry 
Pit 


Initial 
settling 

ratf, 
ft  pfr  hr 


Terminal 
density, 
per  rent 


Thickener 

area, 
ft*  Per 
ton  day 


Filtrate 
ml  per 
minute 


Acid  slurry 
No  reagent 
0.6  11)  Guar  gum 

0.6  Ih  Separan 

Carbonate  slurry 
No  reagent 


1.0 

1.0 
2.0 

1.0 
2.1 
2.9 


10.2 


0.1 

2.4 
5.8 

10.7 
8.8 
9.9 


0.1 


47.2 

51.6 
54.0 

55.9 

57.7 
49.6 


49.4 


15.1 

0.6 
0.3 

0.1 
0.2 
0.2 


10.8 


45 

525 
900 

1000 
725 
717 


77 


0.6  Ih  Guar  gum          10.2 

12.2 

55.4 

0.1 

583 

9.0 

9.4 

54.7 

0.2 

600 

8.0 

7.4 

53.7 

0.2 

500 

7.1 

9.0 

55.3 

0.2 

172 

0.6  Ib  Scparan            10.2 

51.2 

58.8 

<0.1 

1400 

9.0 

98.6 

58.8 

<0.1 

1400 

8.1 

81.5 

59.1 

<0.1 

1400 

6.8 

33.5 

58.0 

<0.1 

1400 

in  relatively  dilute  slurries,  complicates  the  problem 
of  adequately  disseminating  the  reagent  for  effective 
use. 

Single-zone  settling  tests  on  slime  materials  are 
likely  to  be  misleading.  Differences  in  the  deport- 
ment of  slime  pulps  are  so  pronounced  that  genera- 
lizations regarding  their  treatment  are  difficult.  In 
.some  instances,  large  reagent  additions  were  inef- 
fective for  either  thickening  or  filtering.  In  others, 
moderate  additions  improved  thickening  without  ef- 
fect on  filtering,  or  the  converse  also  was  true.  Some- 
times only  a  specific  reagent  is  effective  as  illustrated 
by  the  efficiency  of  small  quantities  of  Separan  in 
settling  slimes  from  phosphoric  acid  liquor. 

Composition  of  the  Pregnant  Liquor 

Not  too  much  is  known  about  the  effect  of  cations 
and  anions  in  the  pregnant  liquor  on  the  performance 
of  flocculants.  In  at  least  one  instance,  however,  the 
response  to  guar  gum  was  improved  markedly  when 
molybdenum  and  copper  were  precipitated  before 
addition  of  the  flocculant. 

Clarity  of  Pregnant  Solutions 

Supernatant  liquors  and  filtrates  produced  by 
thickening  and  filtering  v;hen  using  additives  are 
not  always  sparkling  clear.  There  is  some  indication 
that  the  synthetic  polynu-rs  and  natural  gums  are 
selective  for  specific  minerals  and  do  not  flocculate 
others.  Specific  particle  sizes  also  may  resist  floccula- 
tion.  It  has  been  possible  to  select  a  specific  reagent 
which  will  produce  clear  liquors  in  a  certain  applica- 
tion. Clarity  generally  can  be  improved  by  using  a 
small  amount  of  gelatin  or  glue  in  conjunction  with 


the  primary  flocculant.  Addition  of  as  little  as  0.05 
pound  of  glue  or  gelatin  per  ton  of  solid*  proved 
adequate.  On  some  leach  slurries  the  order  of  reagent 
addition  is  critical,  whereas  on  others  the  reagents 
can  be  added  together.  It  generally  follows  that 
clarity  of  the  liquor  can  be  improved  by  some  sacrifice 
in  thickening  rate. 

The  interaction  of  certain  polyelectrolytes  on  the 
flocculation  of  mineral  colloids  was  studied  by  Wads- 
worth  and  Cutler.-  In  this  connection  our  tests  have 
shown  that  a  combination  of  guar  gum  and  Separan 
was  more  effective  than  costwise  equivalent  quantities 
of  either  reagent  alone. 

Washing  of  Thickener  Underflows  and  Filter  Cakes 

Washing  of  thickener  underflows  and  filter  cakes 
previously  was  mentioned.  Although  good  displace- 
ment washing  was  obtained  in  the  laboratory  batch 
tests,  effective  washing  in  continuous  practice  gener- 
ally required  repulping.  The  full  possibilities  of  dis- 
placement washing  of  heavily  flocculated  filter  cake> 
remain  to  be  explored. 

Thickening   and   Filtration   Equipment 

Pilot  plant  and  commercial  thickening  of  leach 
slurries  have  shown  that  thickener  requirements  can- 
not be  accurately  predicted  from  small-scale  static 
settling  tests.  Actual  requirements  generally  are 
severalfold  greater  than  indicated  by  the  laboratory 
data.  More  precise  experimental  methods  that  can 
be  realistically  extrapolated  to  plant  operation  need 
to  be  developed.  The  work  of  Talmage  and  Fitch3 
may  be  a  notable  advance  in  measuring  thickening 
area  requirements. 
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Laboratory  filtration  tests  using  a  Buchner  funnel, 
although  suitable  for  comparing  the  relative  effective- 
ness of  reagents  and  examining  pertinent  variables, 
give  rates  that  can  be  duplicated  only  on  a  horizontal 
pan-type  filter.  Laboratory  testing  with  a  filter  leaf 
in  which  the  cake  is  picked  up  by  suction  gives  more 
valid  results  for  extrapolating  to  drum  or  disk  filters. 
The  full  potential  of  flocculants  cannot  be  realized 
when  using  drum  or  disk  filters  because  the  heavily 
flocculated  pulp  has  a  slippery  texture  and  does  not 
adhere  well  to  the  filter.  Consequently,  it  is  necessary 
in  continuous  filtration  to  reduce  the  reagent  quantity 
and  rotate  the  drum  or  disk  faster  in  order  to  pick 
up  a  thinner  and  more  adherent  cake.  Although  vari- 


ous types  of  filter  media  have  been  tested  in  the  labo- 
ratory and  pilot  plant,  no  definite  preference  has  been 
established  to  date. 
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A  General  Survey  of  Types  and  Characteristics  of 
Ion  Exchange  Resins  Used  in  Uranium  Recovery 

By  Albert  Preuss  and  Robert  Kunin,*  USA 


The  exhaustion  of  high  grade  uranium  deposits 
necessitated  the  development  of  new  hydrometal- 
lurgical  techniques  for  the  recovery  of  uranium  from 
low  grade  ores.  The  relatively  new  field  of  ion  ex- 
change is  important  in  the  success  of  these  processes. 

At  first,  various  investigators  throughout  the 
United  States  studied  the  use  of  cation  exchange 
resins  for  uranium  recovery  because  uranium  was 
thought  to  exist  in  solution  solely  as  the  uranyl  cation. 
In  early  1949,  workers  at  the  Rohm  &  Haas  Company 
found  that  uranyl  ion  could  be  complexed  to  form 
anions  which  were  selectively  adsorbed  on  Amberlite 
IRA-400,  a  strongly  basic  anion  exchange  resin 
which  had  just  been  developed  commercially.  Sub- 
sequent studies  proved  the  utility  of  this  resin  for  the 
upgrading  and  purification  of  uranium  in  sulfuric 
acid  and  sodium  carbonate  leach  solutions. 

The  columnar  ion  exchange  process  now  in  use 
consists  of  the  following : 

1.  The  clarified  leach  liquor  is  passed  through  a 
column  of  resin  at  a  moderate  flow  rate  until  the 
presence  of  uranium  is  detected  in  the  effluent. 

2.  The   column   is   rinsed  and   backwashed   with 
water. 

3.  The  uranium  is  eluted  (desorbed)  with  a  chlo- 
ride or  nitrate  salt  solution  at  a  flow  rate  considerably 
lower  than  the  adsorption  flow  rate. 

4.  The  uranium  is  precipitated   from  the  eluate 
with  ammonia  or  some  other  alkaline  agent  and  the 
precipitate  is  filtered,  dried  and  calcined. 

The  above  ion  exchange  operation  has  been  in  use 
in  various  places  on  a  commercial  basis  and  the  re- 
sults have  indicated  that  at  least  98  per  cent  of  the 
uranium  in  the  leach  liquor  can  be  recovered  as  a 
concentrate  having  a  U3O8  content  greater  than  80 
per  cent. 

The  "Resin-In-Pulp  (RIP)"  process  differs  from 
the  columnar  operation  only  in  that  the  resin  is  held 
in  screened  baskets  which  allows  unfiltered  pulps  to 
pass  freely  through  the  resiti  bed.  This  permits  ura- 
nium recovery  from  ore  slu  ]ries  which  are  very  dif- 
ficult to  filter  or  thicken. 

The  selection  of  an  ion  exchange  resin  involves  a 
study  of  their  general  chemical  and  physical  prop- 
erties such  as  exchange  capacity,  hydration,  density, 


*  Rohm  &  Haas  Company,  Philadelphia,  Pennsylvania.  In- 
cluding work  by  Sallie  Fisher,  Charles  Dickert,  Francis 
McCarvey  and  Jean  Saunders. 


hydraulic  characteristics,  rates  of  exchange,  selectiv- 
ity for  uranium,  and  life  expectancy. 

NATURE  OF  THE  URANIUM  ION  IN  SULFURIC  ACID 
AND  SODIUM  CARBONATE  SOLUTIONS 

Sexivalent  uranium  is  complexed  by  sulfate  ion  in 
sulfuric  acid  solutions.  The  equilibrium  may  be  writ- 
ten as 

UO2+  +  +  wSO4=?±U02(SO4)n2-2n        (1) 

where  n  ='1,2,  or  3. 

The  formation  constants1  for  these  complexes  are 


n  =  1 
n  =  2 
n  =  3 


K.  =      50 

Kn  =    350  (2) 

A'!  =  2500 


In  carbonate  solutions,  the  complex  is  much  stronger 
and  the  equilibrium  may  be  written  as, 

UCV+  +  3C03=  ^  U02(C03)34=         (3) 

The  fact  that  sexivalent  uranium  exists  as  strongly 
anionic  complexes  in  both  carbonate  and  sulfuric 
acid  solutions  enables  one  to  employ  anion  exchange 
resins  in  both  sulfuric  acid  and  carbonate  leach 
liquors,  the  two  major  leach  systems. 

TYPES  OF  ION  EXCHANGE  RESINS  USED 

IN    URANIUM   RECOVERY 

Sulfuric  Acid  Solutions 

Inspection  of  the  equilibrium  constants  for  the 
sulfuric  acid  solution  shows  that  uranium  (VI)  may 
exist  both  as  the  cationic  uranyl  ion  or  as  the  anionic 
sulfato  complex  depending  on  the  uranium  and  sul- 
fate concentrations.  It  should  then  be  possible  to  ad- 
sorb uranium  on  ion  exchange  resins,  either  as  a 
cation  or  as  an  anion  and  this  has  been  found  to  be 
true.  If  one  considers  what  ionic  species  would  be 
present  in  a  typical  sulfuric  acid  leach  solution,  the 
most  important  ones  would  be  : 

Cations  Anions 

UO,"  UO2(S04)n2-2n  w  =  2,  3 

Fe*** 

Fe~  Fe(SO4)n3-2n  n  =  2,3 

Al+-w> 

Mn*+  SOa 


HS04- 


H+ 

Na* 


It  is  therefore  readily  seen  why  attempts  to  adsorb 
uranium  as  the  uranyl  ion  on  cation  exchange  resins 
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CHa 
CH3-N+-CH3 


CH3 

(ci-) 


CH3-N*-CH3 
CH3 

(ci-) 

Figure  1.  Structure    of    a    quaternary   ammonium    anion 
exchange  resin 

are  possible  but  not  worthwhile  since  ferric,  alumi- 
num, and  other  ions  are  also  adsorbed  along  with 
the  uranium. 

Anion  exchange  resins,  particularly  those  with 
quaternary  ammonium  functional  groups,  were  found 
to  be  selective  for  uranium  over  sulfate,  bisulfate, 
and  iron(  111)  sulfate  complexes.  Only  resins  of  this 
type  are  currently  used  for  uranium  recovery  from 
acidic  sulfate  solutions.  Resins  with  weak  base  func- 
tional groups  also  adsorb  uranium  but  their  capacity 
and  selectivity  are  not  as  great  as  the  quaternary 
types. 

Sodium  Carbonate  Solutions 

The  equilibria  in  carbonate  solutions  are  such  that 
the  anionic  complexes  predominate.  Only  quaternary 
ammonium  type  anion  exchange  resins  may  be  used 
since  weak  base  resins  have  but  little  activity  gene- 
rally in  alkaline  solutions. 

GENERAL   CHARACTERISTICS   OF    ION    EXCHANGE 
RESINS 

Ton  exchange  resins  are  water-insoluble  cross- 
linked  polyelectrolytes  of  high  molecular  weight.  The 
resins  consist  of  crosslinked  polymers  in  which  ionic 
functional  groups  have  been  introduced. 

Structure  of  a   Quaternary  Ammonium   Exchange 
Resin 

Typical  of  the  resins  used  in  uranium  recovery 
processes  is  the  product  obtained  by  animation  of  a 
chloromethylated  styrene-divinylbcnzem*  copolymer 
with  Irimethylamine  (Fig.  1). 

This  is  in  contrast  to  the  animation  with  primary, 
secondary,  or  polvamines  which  leads  to  weak  base 
resins  and  the  direct  sulfonation  of  the  styrene- 
divinylbenzene  copolymer  to  produce  a  strongh 
acidic  cation  exchange  resin  with  a  nuclear  sulfonic 
functional  group. 

Exchange  Capacity 

Ion  exchange  resins  are  rated  by  their  exchange 
capacity.  The  number  of  fixed  ion  sites  on  the  resin 
can  be  ascertained  by  measuring  the  number  of 
mobile  ions  which  may  be  adsorbed  and  desorberl 
from  a  given  weight  or  volume  of  resin. 

Capacity  measurements  are  normally  reported 
both  on  a  dry  weight  basis  and  on  a  volume  basis. 


Since  the  capacity  per  unit  volume  determines  the 
size  of  the  ion  exchange  equipment,  this  measure- 
ment is  considered  to  be  the  more  important  of  the 
two.  Resins  used  in  uranium  recovery  processes 
have  total  exchange  capacities  ranging  from  3.0  to 
5.0  milliequivalcnts  per  dry  gram  and  from  1.0  to 
1.8  milliequivalents  per  milliliter  of  wet  settled  resin. 

Hydration 

All  ion  exchange  resins  are  hydrophilic  because  of 
the  presence  of  the  fixed  ion  groups.  Although  the 
fixed  ions  groups  themselves  may  not  be  hydrated- 
becaust'  of  steric  effects,  the  mobile  or  counter  ions 
are  hydrated  to  approximately  the  same  degree  as 
are  free  ions  in  solution  under  comparable  conditions. 
Therefore  the  hydration  of  the  resin  is  a  function  of 
its  exchange  capacity  and  its  counter  ion  as  well  as 
the  nature  of  its  functional  group  and  the  type  of 
crosslinked  polymer  backbone.  The  equilibrium  mois- 
ture of  the  resins  used  in  uranium  recovery  are  in 
the  range  of  from  40-60  per  cent. 

Particle  Size 

In  columnar  operations,  the  particle  sizes  of  the 
resin  are  such  that  exchange  may  take  place  in  a 
reasonable  length  of  time,  solution  flow  may  be  main- 
tained with  a  minimum  of  pressure  drop,  and  the 
resin  beds  may  be  cleaned  through  a  backwash  step. 
In  columnar  operation,  the  majority  of  the  resin 
beads  are  in  the  particle  size  range  of  0.3  milli- 
meters to  0.9  millimeters  in  diameter.  This  size 
range  is  a  compromise  of  exchange  rates,  capacities, 
and  hydraulic  characteristics  of  the  resin. 

For  the  "Resin-In-Pulp"  operation,  wherein  the 
resin  bed  is  held  by  a  screen,  the  beads  are  larger  in 
order  to  effect  a  slime-resin  bead  separation.  These 
tailor-made  beads  range  principally  between  0.8-1.6 
millimeters  in  diameter. 

Density 

The  prime  density  requirement  for  an  ion  exchange 
resin  is  that  its  true  density  be  greater  than  that  of 
the  medium  in  which  it  is  used.  Its  apparent  density 
is  defined  as  that  weight  of  backwashed  and  settled 
wet  resin  which  will  occupy  one  cubic  foot  of  space. 
The  apparent  density  is  related  to  the  true  density 
by  the  relationship 

apparent  density  =  true  density   (1  —   fraction  of 

void    space)  (4) 

The  void  space  for  uniform  spheres  approaches 
approximately  40%  of  the  total  volume.  The  appar- 
ent densities  of  ion  exchange  resins  used  in  uranium 
recovery  vary  from  38  to  45  pounds  per  cubic  foot. 

Attrition  and  Solubility  Losses 

Attrition  losses  in  ion  exchange  resins  may  be  due 
to  the  swelling  and  contraction  of  the  resin,  abrasion 
of  resin-resin  surfaces,  and  abrasion  of  resin-equip- 
ment surfaces.  Abrasion  losses  in  column  operations 
are  insignificant.  Losses  due  to  swelling  and  con- 
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traction  of  certain  resins  may  be  large  but  volume 
changes  in  normal  operations  are  less  than  10  per 
cent.  Losses  clue  to  attrition  have  not  been  found  to 
any  extent  in  column  operations  in  the  uranium 
recovery  program. 

However,  the  "RIP"  process  which  requires 
larger  beads  and  constant  agitation  has  presented 
some  initial  loss  in  resin  due  to  attrition.  However, 
these  losses  have  been  minor  and  are  not  great 
enough  to  present  any  major  problems. 

Solubility  losses  are  so  small  that  solubility  mea- 
surements cannot  be  made. 

Hydraulic  Characteristics 

The  hydraulic  characteristics  of  resins  are  analo- 
gous to  any  inert  spherical  particles.  Factors  which 
affect  good  column  operation  are  temperature,  par- 
ticle size,  density  and  compressibility. 

Pressure  drop,  the  loss  in  head  per  foot  of  resin 
depth,  is  very  low  with  the  resins  used  in  uranium 
recovery.  Pressure  drops  of  the  order  of  one  pound 
per  square  inch  per  foot  of  resin  depth  are  obtained 
with  clean  resin  beds.  When  slime  formation  and 
precipitation  occur  in  the  resin  bed,  pressure  drops 
increase.  In  addition,  non-uniform  flow  or  channeling 
occurs. 

To  prevent  those  occurrences,  the  resin  beds  arc 
backwashed  at  convenient  times,  either  at  the  end 
of  the  adsorption  cycle  or  at  the  end  of  the  desorption 
cycle.  Back-washing  is  the  upflow  operation  which 
allows  the  resin  particles  to  be  expanded  so  that 
fine,  extraneous  matter  may  be  removed  from  the  ion 
exchange  column.  Ton  exchange  columns  are  usually 
designed  to  allow  room  for  100  per  cent  expansion 
of  the  resin  bed  during  backwashing.  The  flow  rate 
necessary  to  attain  maximum  expansion  is  dependent 
on  the  viscosity  of  the  backwash  fluid,  the  particle 
size  of  the  resin,  and  the  true  density  of  the  resin. 

Rates  of  Exchange 

The  rate  determining  step  in  the  ion  exchange 
process  is  the  diffusion  of  the  ions  into  the  resin 
matrix  so  that  it  may  l)e  adsorbed  on  the  fixed  ion 
sites.  To  allow  for  this,  retention  times  for  uranium 
adsorption  vary  from  2  to  10  minutes.  The  retention 
times  used  are  those  which  allow  nearly  full  equili- 
brium to  be  attained. 

Selectivity 

The  selectivity  for  the  quaternary  ammonium  ion 
over  the  iron  (III)  sulfate  complex,  sulfate  ion  and 
bisulfate  ions  is  high.  Adsorption  from  most  uranium 
leach  solutions  leaves  the  resin  sites  almost  completely 
occupied  by  the  uranyl(Vl)  sulfate  complex.  Some 
iron  is  adsorbed  but  this  is  removed  readily  so  that 
the  final  uranium  solution  obtained  by  elution  of  the 
resin  column  is  quite  pure.  Direct  precipitation  of 
this  eluate  results  in  a  high  grade  uranium  cake 
containing  more  than  80%  U3O8.  Where  much  iron 
is  present  in  these  eluates  its  separation  can  be  ef- 
fected by  careful  pH  control. 


Life  Expectancy 

The  life  of  a  resin  in  uranium  recovery  will  depend 
on  the  leach  solution  with  which  it  is  used.  With 
clean,  clarified  leach  liquors  containing  as  anions 
only  uranium,  iron,  sulfate  and  bisulfate  ions  the 
resins  need  not  be  replaced  before  at  least  two  years' 
time.  In  other  cases  where,  by  the  nature  of  the  ore, 
the  solutions  contain  ions  which  are  permanently 
adsorbed  on  the  resin  shorter  resmiMives  are  realized. 
Other  ions  which  cause  reactions  to  take  place  which 
are  detrimental  to  the  functional  group  also  decrease 
the  resin  life. 

Although  the  initial  cost  of  the  resin  may  appear 
expensive  relative  to  other  chemicals,  its  repeated 
use  over  long  periods  of  time  reduces  the  cost  to  a 
minor  fraction  of  the  total  plant  expenditures. 

OPERATING  CHARACTERISTICS  OF  ION  EXCHANGE 
RESINS  IN  URANIUM  RECOVERY 

Adsorption  Cycle 

The  loading  or  adsorption  cycle  requires  a  high 
capacity  resin  which  will  adsorb  uranium  completely 
from  a  leach  solution  at  reasonable  flow  rates. 

Curve  A  of  Fig.  2  is  a  characteristic  adsorption 
curve  for  the  loading  of  uranium  on  Amberlite 
IRA-400.  Curve  A  is  the  curve  obtained  under  the 
optimum  conditions.  Curve  B  shows  deviations  which 
are  caused  by  interdependent  factors.  Curves  of  type 
B  are  obtained  when  one  or  more  of  the  following 
conditions  exist : 

1.  The  flow  rate  is  too  high  or  the  retention  time 
is  too  short  for  equilibrium  to  be  obtained. 

2.  The  particle  size  of  the  resin  is  too  large. 

3.  The  resin  is  not  selective   for  uranium  over 
other  anions  in  solution. 

4.  The  resin  is  too  dense  to  permit  ion  exchange 
equilibria  to  be  attained  in  a  reasonable  time. 

The  positions  of  points  a  and  b  are  important  be- 
cause they  determine  the  amount  of  uranium  which 
can  be  adsorbed  per  cycle. 

Rinse  Cycle 

The  rinse  or  displacement  cycle  removes  leach 
liquor  which  occupies  the  void  space  between  the 
resin  particles. 


1.0 
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Backwash  Cycle 

After  rinsing,  the  resin  is  backwashed  to  remove 
the  extraneous  matter  which  has  accumulated  during 
the  load  cycle. 

Elution  Cycle 

After  the  uranium  is  adsorbed,  and  the  column 
rinsed  and  backwashed,  the  resin  is  then  eluted.  This 
is  done  with  the  preferential  adsorption  of  other  ions 
such  as  nitrate  or  chloride  ions  which,  when  present 
in  large  concentrations,  replace  the  uranium  ions. 
This  solution  or  eluate  is  passed  through  the  resin 
at  a  retention  time  severalfold  that  used  during  the 
adsorption  cycle. 


Total  Volumes  Eluate  Through  the  Resin  > 

Figure  3 

Curve  A  of  Fig.  3  is  the  characteristic  elution  curve 
for  the  desorption  of  uranium  from  Amberlite 
IRA-400  under  optimum  conditions.  Curve  B  shows 
deviations  from  the  optimum  which  are  caused  by 
the  same  interdependent  factors  which  affected  the 
loading  curve  of  Fig.  2.  These  are:  (1)  too  small 


retention  time;  (2)  too  large  particles;  (3)  the  resin 
is  not  selective  for  the  eluting  ion ;  and  (4)  the  resin 
is  too  dense. 

Rinse  after  Elution 

After  elution  the  resin  sites  are  all  occupied  by 
the  eluting  ion.  To  displace  the  solution  in  the  void 
space,  a  short  water  rinse  is  made.  At  this  stage  there 
sometimes  are  precipitates  which  formed  during  the 
elution  cycle.  Wherever  necessary,  the  resin  may  be 
backwashed  at  this  point  in  the  operation. 

Reloading 

After  the  rinse,  the  ion  exchange  column  is  ready 
for  the  next  loading  cycle.  The  ions  which  were 
adsorbed  to  replace  the  uranium  are  removed  by  the 
first  few  volumes  of  leach  liquor  which  passes  through 
the  resin. 

SUMMARY 

The  recovery  of  uranium  from  low  grade  ores  has 
been  facilitated  by  use  of  ion  exchange  processes.  By 
use  of  these  techniques  it  is  possible  to  produce  a 
high  grade  uranium  precipitate  assaying  greater  than 
80  per  cent  U3O8. 

Of  the  commercially  available  anion  exchange 
resins  only  those  of  the  quaternary  ammonium  type 
such  as  Amberlite  IRA-400  have  been  found  to  be 
of  practical  importance  in  uranium  recovery.  The 
properties  of  these  resins  which  were  studied  were 
exchange  capacities,  hydration,  particle  size,  rates  of 
exchange,  selectivity,  hydraulic  characteristics  and 
life  expectancy. 
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Recovery  of  Uranium  from  Sulfuric  Acid  and 
Carbonate  Leach  Liquors  by  Anion  Exchange 

By  Robert  R.  Grinstead,  David  A.  Ellis,  and  Robert  S.  Olson/  USA 


The  uranium  milling  industry  is  primarily  a  hydro- 
metallurgical  operation.  Processes  fall  into  one  of  two 
categories :  the  acid-leach  and  the  carbonate-leach 
processes.  The  subsequent  treatment  of  both  types 
of  clarified  leach  solutions  has  been  accomplished 
in  the  past  by  chemical  methods  which  were  both 
complicated  and  expensive.  Although  improvements 
in  chemical  methods  since  World  War  II  have 
resulted  in  some  savings,  the  application  of  the  newer 
techniques  such  as  ion  exchange  and  solvent  extrac- 
tion has  given  promise  of  still  greater  reductions  in 
processing  costs. 

Ton  exchange  processes  have  been  developed  in 
this  laboratory  for  the  recovery  of  uranium  from 
clarified  leach  solutions  of  both  the  acid  and  carbo- 
nate processes.  Parallel  development  of  the  ion  ex- 
change process  for  acid  leaches  has  been  carried 
on  at  other  laboratories,  particularly  the  US  AEC 
Raw  Materials  Laboratory  at  Winchester,  Massa- 
chusetts^ and  the  process  is  actually  in  commercial 
operation  at  a  number  of  places.  The  Winchester 
group  has  developed  the  method  further  by  treating 
desanded  leach  pulp  with  resin  contained  in  mesh 
baskets.  The  clarification  problem  has  always  been 
a  real  one,  and  the  potential  savings  to  be  derived 
by  omitting  it  are  in  some  cases  quite  large.  How- 
ever, due  to  recent  improvements  in  thickening  and 
filtration  techniques,  these  costs  have  decreased 
somewhat  and  it  is  likely  that  they  may  be  reduced 
still  further. 

Since  very  little  work  has  been  done  at  this 
laboratory  on  the  actual  ore  handling  and  leaching 
methods,  this  paper  will  be  confined  to  the  treatment 
of  the  filtered  leach  solutions  by  the  methods  of 
columnar  ion  exchange.  Because  the  chemistry  of 
the  acid  and  carbonate  processes  differs  in  many 
respects,  each  process  will  be  taken  up  separately. 

SULFURIC  ACID  ION  EXCHANGE  PROCESS 
Process  Description 

In  Fig.  1  is  shown  a  block  diagram  of  the  sulfuric 
acid  ion  exchange  process.  Conventional  crushing 
and  grinding  steps  are  used.  On  the  Colorado  Plateau, 
the  ores  are  reduced  to  10  or  20  mesh  during  this 
step.  Almost  without  exception  sulfuric  acid  is  used 
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to  leach  the  ore,  although  at  one  mill  some  by- 
product HC1  from  vanadium  operations  is  used  to 
augment  this. 

The  leaching  and  clarification  steps  are  handled 
in  various  ways :  in  some  places  by  percolation  leach- 
ing, and  in  others  by  agitation,  thickening,  and  filtra- 
tion. Whatever  the  method,  a  clear  liquor  is  required 
at  this  point  to  prevent  plugging  of  the  resin  beds. 

Three  or  four  resin  beds  are  utilized  in  this 
process.  Leach  solution  flows  through  two  or  three 
in  series  while  the  remaining  bed  is  being  regenerated. 
Uranium  is  sorbed  by  the  resin ;  and  when  uranium 
is  detected  in  the  final  effluent,  the  freshly  regen- 
erated bed  is  switched  in  downstream  to  act  as  a 
"cleanup"  bed.  The  upstream  bed  is  switched  out 
and  regenerated  preparatory  to  use  as  the  "cleanup" 
bed  when  the  next  switch  point  occurs.  This  type 
of  operation  has  been  termed  "merry-go-round" 
operation  because  of  its  cyclic  character.  The  beds 
consist  of  strong-base  quaternary  amine  anion  resins 
which  have  a  strong  affinity  for  the  uranium  species. 
Recoveries  of  greater  than  99%  are  not  difficult  to 
achieve,  and  resin  loadings  are  usually  in  the  range 
of  30-100  grams  U3O8/liter  of  wet-settled  resin.  The 
resin  bed  is  converted  to  the  sulfate  form  during  the 
sorption  step. 

Elution  may  be  effectively  accomplished  with 
either  1  M  chloride  or  1  M  nitrate  solutions,  contain- 
ing about  0.1  Af  concentration  of  the  corresponding 
acid.  The  eluate  which  is  drawn  from  the  bed  is 
neutralized  with  a  base  to  precipitate  uranium, 
filtered,  and  recycled  to  the  eluant  circuit  where 
it  is  reacidified.  Actually,  a  portion  of  this  solution 
must  be  discarded  to  prevent  excessive  buildup  of 
sulfate,  and  this  point  will  be  discussed  below.  The 
uranium  precipitate  is  washed  and  dried. 

Sorption  of  Uranium 

In  sulfate  and  sulfuric  acid  solutions  uranium 
exists  partly  in  the  form  of  anionic  complexes.  Dur- 
ing passage  through  an  anion  resin  bed  the  follow- 
ing type  of  reaction  occurs:  (where  R  denotes  the 
resin  matrix) 

4RCI+  [UOo(SO4)3]4---> 

R4[UOa(S04)a]  +  4flCl-  (1) 

Recent  work  at  the  USAEC  Raw  Materials 
Laboratory  has  shown  that  both  the  di-  and  tri-sulf  ate 
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Figure  1.  Block    diagram    of    ion    exchange    process    for 
sulfate   solutions 

complexes  are  present  on  the  resin.  In  order  for 
sorption  to  occur  the  presence  of  some  sulfate  is, 
of  course,  necessary.  In  the  absence  of  interfering 
ions  the  sorption  proceeds  very  effectively  with 
sulfate  concentrations  of  only  a  few  grams/liter.  Tn 
practice  the  acid  requirements  for  leaching  are  usually 
sufficient  to  insure  the  presence  of  at  least  10-20 
grams  SO4~Y  liter,  which  is  a  great  excess.  Some 
competition  for  the  resin  by  the  uranium  complex 
and  free  sulfate  occurs,  but  this  is  not  serious. 

The  distribution  of  uranium  between  resin  and 
solution  depends  upon  several  factors.  These1  factors 
can  be  grouped  into  one  of  two  general  headings, 
e.g.,  the  composition  of  the  solution  and  the  type 
of  resin.  Because  of  space  limitations,  the  discussion 
of  these  factors  will  be  of  a  general  nature,  but  will 
be  supplemented  as  much  as  possible  by  specific  data. 
The  behavior  of  a  wide  variety  of  sulfate  solutions 
has  been  examined  in  this  laboratory,  including  those 
obtained  from  high-grade  Canadian  ores,  from  the 
South  African  Rand  gold  residues,  and  from  the 
phosphate  industry.  Principal  emphasis  has  been 
placed  on  Colorado  Plateau  leach  solutions.  Most  of 
the  discussion  will  concern  data  obtained  from  these 
solutions,  but  data  obtained  from  other  systems  will 
be  mentioned.  The  range  of  concentrations  in  this 
type  of  solution  is  given  in  the  following  table. 


Constituent 

viX 

Al 
Fe 

SO4= 
P0_4- 

pH 


Range  of 
cones.,  gm/l 

0.4-4 
0-5 
0.5-5 
1-5 
20-80 
0-10 
0-25 

0.5-1.5 


Uranium  and  vanadium  arc  usually  found  in  the 
(VI)  and  (IV)  oxidation  states,  respectively,  while 
iron  occurs  as  a  mixture  of  the  ( II )  and  ( TIT )  states. 
The  resin  used  in  the  majority  of  the  work  was  a 
— 50  +  100  mesh  Dowex  1,  a  quaternary  amine  resin 
with  a  styrene-divinylbenzene  matrix.  Although  com- 


mercial resins  are  usually  in  the  range  20  to  40  mesh, 
the  finer  size  was  favored  because  better  perfor- 
mance was  obtained  both  in  total  uranium  capacity  and 
in  exchange  rates.  Pressure  drops  are  higher  but 
still  within  the  practical  range  of  plant  equipment. 
More  weakly  basic  resins  will  sorb  uranium  as  well 
as,  or  better  than,  the  quaternary  amine  resins  but 
the  former  are  difficult  to  elute  and  are  therefore  not 
satisfactory. 

When  a  leach  solution  is  passed  through  a  resin 
bed,  the  effluent  is  initially  nearly  free  of  uranium. 
The  uranium  level  gradually  builds  up  and  finally 
reaches  the  level  of  the  influent.  At  this  point  the 
resin  is  in  equilibrium  with  the  solution,  and  is 
said  to  be  "loaded."  A  plot  of  the  eflluent  uranium 
concentration  against  effluent  volume  is  known  as 
a  breakthrough  or  sorption  curve.  A  typical  curve 
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Figure  2.  Breakthrough  curve,  Marysvale  leach 

is  shown  in  Fig.  2.  The  solution  used  was  a  sulfuric 
acid  leach  of  an  ore  from  the  Marysvale,  Utah, 
district.  As  with  other  systems  involving  packed 
beds,  the  steepness  of  the  curved  portion  increases 
when:  (1)  the  flow  rate  decreases,  (2)  the  bed 
depth  increases,  (3)  the  resin  bead  size  decreases, 
or  (4)  the  temperature  increases.  Temperature 
effects  are  not  usually  large  and  there  is  usually 
sufficient  flexibility  in  other  variables  to  take  care 
of  temperature  variations.  The  other  three  variables 
are  mechanical  in  nature  and  do  not  affect  the  equi- 
librium resin  loading  of  uranium.  Because  they  are 
interrelated,  selection  of  the  proper  combination  of 
conditions  is  required  in  order  to  achieve  efficient 
operation  of  a  merry-go-round  unit. 

One  of  the  most  critical  variables  affecting  the 
distribution  coefficient  or  uranium,  Kr/a  (grams 
UaOg/liter  of  wet-settled  resin/grams  U3O8/liter  of 
solution),  is  the  solution  pH.  In  Fig.  3  is  shown 
the  effect  of  pi  I  upon  Kr/a  for  a  sulfuric  acid  leach 
of  a  Plateau  ore  containing  about  3  grams  U3OH/liter. 
Raising  the  pH  from  0.5  to  1.5  increases  Kr/a 
nearly  threefold.  This  effect  is  attributed  to  an  in- 
crease in  the  sulfate  concentration  at  the  expense 
of  bisulfate  as  the  pH  is  raised.  The  increased  sulfate 
concentration  causes  a  higher  percentage  of  the  ura- 
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Figure  3.  Effect  of  pH  on   resin  loading 

nium  to  exist  in  the  form  of  the  sorbablc  anionic 
complexes. 

In  this  range  of  uranium  concentrations  the  distri- 
bution curves  are  concave  toward  the  solution  axis, 
with  the  result  that,  as  the  uranium  content  of  the 
solution  decreases,  the  coefficient  increases.  For 
example,  the  Kr/a  value  for  a  Marysvale  ore  leach 
containing  0.4  grams  Ua(  )M/liler  was  S5  at  pH  1.0 
compared  to  17  for  the  leach  shown  in  Fi<*.  3  ( 3  grams 
l\OH/liter)  at  the  same  pll. 

The  sorption  of  uranium  is  also  affected  by  the 
presence  of  certain  other  chemical  species  in  the 
leach.  A  cumulative  effect  is  observed  due  to  buildup 
on  the  resin  of  certain  trace  components  known  as 
"poisons."  This  phenomenon  will  be  discussed  in 
a  subsequent  section.  Adverse  effects  may  also  be 
due  to  species  which  affect  the  equilibria  in  solution. 
The  most  important  of  these  species  are  chloride  and 
nitrate.  At  one  plant  ore  is  roasted  with  NaCl  to 
solubilize  vanadium,  and  the  resulting  leach  solution 
contains  variable  amounts  of  chloride.  The  effect 
of  chloride  is  shown  qualitatively  in  Fig.  3.  The  Lot 
1  solution  contained  21  grams  Cl  "/liter,  and  the  load- 
ing in  the  pH  range  1-2  was  only  30-50%  of  that 
from  Lot  2.  Lot  1  contained  only  one-third  as  much 
sulfate  as  Lot  2.  However,  the  effect  of  sulfate  is 
to  compete  with  the  uranium  complex  so  that  had 
the  two  solutions  contained  equal  sulfate  concentra- 
tions the  difference  in  resin  loading  would  have  been 
even  greater  than  was  observed. 

Nitrate  has  an  equal  or  greater  effect  but  is  en- 
countered less  often.  It  is  known  that  chloride  and 
nitrate  have  a  strong  affinity  for  the  uranyl  ion ;  the 
effect  of  these  anions  in  moderate  concentration  is 
evidently  due  to  the  formation  of  cationic  and 
neutral  complexes.  In  the  presence  of  these  com- 
plexes the  concentration  of  the  sorbable  anionic 
species  is  reduced,  and  the  resin  loading  is  corre- 
spondingly decreased. 

Phosphate  is  not  ordinarily  found  in  this  type  of 
solution,  but  considerable  amounts  can  be  tolerated. 
Only  a  small  fraction  of  the  phosphate  in  solution  is 
sorbed  by  the  resin,  some  of  it  probably  as  a  uranyl- 
phosphate  complex.  However,  the  amount  of  phos- 


phate on  the  resin  is  appreciable  when  compared  to 
the  uranium  and  will  contaminate  the  product.  Ferric 
iron  is  sorbed  by  the  resin  to  a  slight  extent  but 
does  not  usually  give  serious  trouble.  In  solutions 
such  as  those  from  South  African  operations,  where 
the  concentrations  will  be  of  the  order  of  0.5  gram 
lj;{OK/litcr  and  3-4  grams  Fe/liter,  iron  may  occupy 
several  per  cent  of  the  capacity  of  the  loaded  resin. 
The  chief  difficulty  in  this  situation  is  that  the 
product  will  then  contain  10-20^  iron  by  weight. 

Vanadium ( IV  ),  aluminum,  manganese,  ferrous 
iron,  alkali  and  alkaline  earth  metals  are  not  picked 
up  from  sulfate  solutions  by  anion  resins.  Vanadium 
( V  )  is  sorbed,  but  this  is  easily  prevented  by  reduc- 
tion to  the  ( IV)  state  with  SO2  or  FeSO4.  Several 
of  the  less  commonly  encountered  metals  are  also 
rejected,  such  as  copper,  cobalt,  nickel  and  rare 
earth*.  Arsenate  is  sorbed  to  some  extent,  since  it  is 
an  anion,  and  it  is  carried  through  into  the  uranium 
concentrate. 

Elution 

In  theory,  elution  can  be  accomplished  by  using 
any  ionic  salt,  in  which  case  replacement  of  the 
uranium  specie*  should  occur  by  simple  ion  exchange. 
Because  the  complex  favors  the  resin  so  strongly,  the 
eluant  must  also  possess  other  characteristics.  The 
most  effective  eluants  have  been  found  to  be  nitrate 
and  chloride  solutions,  which  act  through  a  complex- 
ing  mechanism  described  above.  Neutral  nitrates  or 
chlorides  are  fairly  effective  as  eluants  but  their 
efficiency  is  raised  considerably  by  acidification.  This 
is  to  be  expected  in  view  of  the  direction  of  the  pH 
effect  on  sorption.  Moderately  strong  sulfuric  acid 
is  a  reasonably  good  eluant,  probably  because  the 
free  sulfate  concentration  is  low.  The  difficulty  of 
subsequent  treatment  precludes  wider  use  of  this 
reagent.  The  optimum  composition  of  chloride  or 
nitrate  eluant  is  about  1  M  salt  and  0.  1  M  acid. 
At  higher  levels  strongly  sorbed  anionic  uranyl  com- 
plexes of  these  anions  are  formed.  A  typical  elution 
curve  using  a  solution  0.9  M  NaCl  and  0.1  M  HC1 
is  shown  in  Fig.  4.  The  uranium  is  preceded  from 
the  bed  by  a  sulfate  band,  which  is  shown  by  pi  I 
measurements  to  be  sulfate,  rather  than  bisulfate. 
The  absence  of  uranium  in  this  portion  is  an  im- 
portant point,  as  it  allows  a  discard  of  sulfate  to  be 
made  in  order  to  prevent  buildup  of  the  sulfate  in 
the  recycled  eluant  system.  The  remainder  of  the 
solution  can  be  precipitated  directly  with  base  to 
give  a  high  grade  concentrate.  Tn  some  cases  use 
is  made  of  the  "split  elution"  technique,  in  which 
the  high-level  portion  of  the  eluate  is  precipitated 
and  the  low-level  portion  is  recycled  for  use  as  the 
initial  portion  of  eluant  for  the  next  column. 

During  the  elution  all  of  the  sulfate  on  the  resin 
is  replaced  by  chloride,  so  that  an  equivalent  quantity 
of  chloride  must  be  added  to  tbe  eluant  when  it  is 
recycled.  Some,  and  perhaps  all,  of  this  requirement 
may  be  met  with  the  acid  which  must  be  added  each 
cycle  to  bring  the  acidity  up  to  0.1  M. 
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Bed:  48 "high, 2"  d 
Flow:  8.4  ml/ mi n. 


Throughput,  bed  Vols. 
Figure  4.   Elution   of   uranium  and   sutfate 

Resin    Poisoning 

Although  the  interfering  species  referred  to  above 
are  important,  probably  the  most  serious  difficulty 
with  this  process  has  arisen  from  the  presence  in 
the  leach  solution  of  trace  amounts  of  very  strongly 
sorbed  species.  The  effect  of  these  species  is  not 
observed  easily  in  the  course  of  a  few  cycles,  but  the 
resin  eventually  becomes  sufficiently  loaded  with 
these  "poisons"  so  that  its  uranium  capacity  is 
seriously  impaired.  Three  such  poisons  have  been 
encountered  and  identified  to  date.  In  South  African 
operations  considerable  difficulty  is  experienced  as 
a  result  of  the  presence  of  both  cobalticyanide  and 
polythionates.  On  the  Colorado  Plateau  molybdenum 
is  a  major  problem  in  some  ores.  Once  identified, 
poisons  may  sometimes  be  dealt  with  by  one  of  a 
number  of  methods.  Molybdenum  can  be  eluted  from 
these  resins  with  moderately  strong  NaOH.  Poly- 
thionates can  be  destroyed  by  oxidation  in  the  original 
leach  or  can  be  eluted  with  NaOH  and  Na2S  solu- 
tions. Removal  of  cobalticyanide  requires  extensive 
treatment  with  either  thiocyanate  solutions  or  car- 
bonate solutions  followed  by  acids. 

CARBONATE  ION  EXCHANGE  PROCESS 

In  the  carbonate  system  the  ground  ore  is  leached 
with  about  5  to  10%  sodium  carbonate,  usually  at 
an  elevated  temperature.  In  most  cases  the  ore  is 
roasted  before  leaching,  and  in  some  cases  an  oxidiz- 
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Figure  5.  Sorption  of  uranium  from  carbonate  solution 


ing  agent  is  added.  If  vanadium  is  present  in  the 
ore,  some  will  be  leached  with  the  uranium.  The 
following  analysis  is  typical  of  the  leach  solutions 
obtained. 


Constituent 


HC03~ 
SO4= 

ci- 

Fe 
Al 
PO4 


Grams/liter 

1.79       as  U(VI) 

2.70        as  V(V) 
36.5 
12.0 
12.0 

0.18 

0.015 

0.0 

0.6 


In  order  to  recover  both  the  uranium  and  the 
vanadium  from  these  solutions  by  the  conventional 
precipitation  process,  the  carbonate  must  be  neutral- 
ized with  acid.  The  ion  exchange  process  offers  a 
method  whereby  the  carbonate  leach  solutions  can 
be  re-used  for  a  number  of  cycles. 

Sorption  of  Uranium 

The  anion  exchange  process  for  the  recovery  of 
uranium  from  carbonate  leach  solutions  is  very 
similar  to  that  for  sulfuric  acid  liquors.  Thus,  when 
the  solution  is  passed  through  the  resin  bed,  a  reac- 
tion of  the  following  type  takes  place: 

4RCI+  [U02(C03)3]4--» 

(2) 


^4[U02(C03)3]  +4C1- 


Several  resins  were  tested,  but  the  quaternary  amine 
resins  were  again  found  to  give  the  best  performance. 
A  typical  curve  is  shown  in  Fig.  5  for  sorption  of 
uranium  on  a  column  of  Dowex  1  from  a  carbonate 
solution  which  did  not  contain  vanadium. 

The  loading  of  the  resin  is  affected  rather  critically 
by  the  pH  of  the  solution.  While  resin  loadings  of 
30  to  60  grams  U3O8/liter  resin  were  obtained  from 
solutions  at  pll  10,  only  10  to  IS  grams/liter  were 
sorbed  from  solutions  at  about  pH  9.  The  presence 
of  chloride  also  inhibited  the  sorption.  Uranium 
could  not  be  sorbed  from  leach  solutions  of  ore  that 
had  been  roasted  with  salt.  An  increase  in  tempera- 
ture did  not  appear  to  affect  the  loading  appreciably, 
but  the  slope  of  the  breakthrough  curve  was  steeper. 

Most  of  the  carbonate  leach  solutions  produced 
on  the  Colorado  Plateau  contain  considerable  con- 
centrations of  vanadium.  The  sorption  of  uranium 
from  such  solutions  by  anion  resins  is  greatly  in- 
fluenced by  the  vanadium  since  vanadium  is  held 
much  more  strongly  by  the  resin.  When  the  solution 
is  passed  through  the  resin  bed,  both  values  are 
sorbed.  However,  as  the  top  of  the  column  becomes 
saturated  with  "  vanadium,  the  sorbed  uranium  is 
replaced  and  a  uranium  front  proceeds  down  the 
column  ahead  of  the  vanadium  front.  The  solution 
between  the  uranium  front  and  the  vanadium  front 
contains  the  uranium  that  has  been  eluted  by  the 
vanadium  from  the  upper  portions  of  the  column 
in  addition  to  the  head  concentration  of  uranium. 
Thus,  after  uranium  breakthrough,  the  uranium  con- 
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Figure    6.    Sorption    of    uranium    and    vanadium    from    carbonate 
solution  containing  both  values 

centration  in  the  effluent  increases  beyond  the  in- 
fluent concentration. 

Figure  6  shows  a  plot  of  the  effluent  concentrations 
of  uranium  and  vanadium  as  functions  of  volume 
throughput  for  a  typical  leach  liquor.  There  are  three 
quite  definite  regions  shown  in  this  curve:  a  region 
in  which  both  values  are  sorbed,  a  region  in  which 
vanadium  is  sorbed  and  uranium  is  elutcd,  and  the 
region  after  vanadium  breakthrough  where  both 
uranium  and  vanadium  appear  in  the  effluent.  Two 
methods  have  been  investigated  for  recovery  of  both 
values  from  the  liquor.  In  one,  the  column  is  operated 
to  uranium  breakthrough  and  uranium  and  vana- 
dium are  then  eluted  selectively.  In  the  other  method, 
the  column  is  operated  to  vanadium  breakthrough, 
and  the  uranium-rich  effluent  is  passed  through  a 
second  column  for  uranium  sorption. 

Elution  of  Uranium 

The  most  effective  eluant  solution  for  uranium  in 
this  system  appears  to  be  sodium  or  ammonium 
chloride  solution  about  1  M  in  chloride  and  about 
0.1  M  in  HC1.  Ammonium  sulfate  and  ammonium 
carbonate  solutions  also  removed  uranium  but  not 
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Figure  7.  Elution  of  uranium  from  Dowex  1 

as  completely  as  the  acidified  chloride  solutions.  A 
typical  uranium  elution  curve  is  shown  in  Fig.  7. 

When  vanadium  is  present  on  the  loaded  resin,  it 
is  necessary  to  remove  it  before  removing  the  ura- 
nium since  otherwise  both  vanadium  and  uranium 
would  appear  in  the  eluatc.  Treatment  with  a  satu- 
rated SC>2  solution  reduced  the  vanadium  to  the 
tetravalent  state  and  removed  it  completely  from  the 
resin. 

Treatment  of  columns  of  ion  exchange  resin  in  the 
carbonate  form  with  these  acidic  solutions  results 
in  considerable  liberation  of  carbon  dioxide  in  the 
resin  bed.  This  gassing,  however,  can  be  minimized 
by  pretrcatment  with  a  solution  of  dilute  (~  O.lAf) 
H2SO4  or  with  SO2  gas  before  elution.  Uranium 
can  be  recovered  from  the  eluates  by  neutralization 
with  ammonia.  Several  products  have  been  obtained 
which  after  ignition  assayed  over  95%  U3O8.  Over- 
all recoveries  >  95%  have  been  obtained. 
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The  Resin-in-Pulp  Process  for  Recovery  of  Uranium 


By  R.  F.  Hollis  and  C.  K.  Me  Arthur,*  USA 


There  are  under  construction,  or  in  the*  final  design 
stage,  in  the  United  States,  live  commercial  uranium 
ore  processing  plants  incorporating  the  Uesin-in- 
Pulp  (R1I1)  process,  which  involves  the  rconery 
of  dissolved  uranium  values  from  acid-leached  pulps 
by  strong  base  anion  exchange  resins.  This  paper 
describes  the  development  of  the  process  from  the 
laboratory  to  the  pilot  plant. 

Prior  to  the  application  of  anion  exchange  to 
uranium  ore  processing,  all  recovery  methods  resulted 
in  the  precipitation  of  an  impure  uranium  product 
which  required  additional  upgrading  before  it  could 
be  refined.  The  ion  exchange  process,  on  the  other 
hand,  provides  excellent  selectivity  for  the  extraction 
of  soluble  uranium  from  leach  liquors  so  that  high 
grade  uranium  concentrates  can  be  produced  directly. 
The  discovery  that  uranium  is  readily  adsorbed  by 
anion  exchange  resins  coupled  with  the  experience 
of  resin  and  equipment  manufacturers  in  water  treat- 
ment led  to  the  rapid  development  and  adoption  of 
ion  exchange  in  a  multiple  column  type  operation. 
At  the  present  time  many  processing  plants  using 
fixed-bed  ion  exchange  are  in  operation  or  under 
construction  in  Africa,  Australia  and  Canada  and 
to  a  limited  extent  in  the  United  States. 

Although  the  fixed  bed  process  has  been  highly 
successful,  the  feed  to  the  ion  exchange  columns 
must  be  a  clear  solution,  which  is  obtained  by  means 
of  filtration  or  by  countercurrent  decantation  of 
leached  pulps.  With  some  ores,  poor  filtration  or 
settling  characteristics  make  the  production  of  a  clear 
solution  difficult.  Most  processing  plants  in  the  United 
States  receive  their  ores  from  a  number  of  small 
mines  and  considerable  variation  occurs  in  the  settling 
and  filtering  behavior  of  the  ores.  An  ion  exchange 
process  was  therefore  desirable  in  which  the  ura- 
nium could  be  recovered  directly  from  the  leached 
pulp  by  adding  ion  exchange  resin  which  could  be 
then  separated  from  the  pulp  by  a  screening  operation. 
The  process  would  thus  resemble  the  cyanide-charcoal 
process  in  which  gold  is  adsorbed  from  cyanide  pulp 
liy  means  of  activated  charcoal.  Preliminary  tests 
in  which  leached  pulps  were  directly  contacted  with 
resin  beads  showed  that  such  a  process  was  entirely 
possible.  Therefore  a  program  was  initiated  which 
led  to  the  development  of  the  RIP  process. 

*  National  Lead  Company,  Inc.,  Raw  Materials  Develop- 
ment Pilot  Plant,  Grand  Junction,  Colorado. 


PROCESS  CHEMISTRY 

The  ion  exchange  process  for  uranium  recovery 
from  sulfuric  acid  leach  liquors  depends  upon  the 
high  affinity  of  the  uranium  sulfate  complexes  for 
the  anion  exchange  resin.  It  has  been  demonstrated 
that  the  uranium  is  adsorbed  primarily  as  the  tri- 
sulfate  complex,  [UO2(  SO,  );,14~«  and  to  a  minor 
extent  as  the  disulfate  complex,  [U( ).,(  S(  )|)2]"~. 
In  addition,  there  are  found  to  be  adsorbed  ap- 
preciable amounts  of  sulfate  and  bisulfate  ions. 

All  other  things  being  equal,  the  adsorption  of  the 
disulfate  complex  is  to  be  preferred,  since  it  gives 
a  higher  uranium  loading  per  unit  amount  of  resin. 
In  practice,  however,  it  is  not  possible  lo  adjust  the 
feed  composition  in  the  required  manner.  The  re- 
quirement for  a  high  loading  of  disulfate  complex 
is  a  high  uranium  to  sulfate  concentration  ratio.  The 
ores  commonly  encountered  in  the  United  States 
give  leach  solutions  which  are  too  low  in  uranium 
to  meet  the  requirement. 

It  has  also  been  found  that  uranium  loadings 
increase  with  increasing  pH.  This  follows  from  the 
fact  that  bisulfate  has  a  greater  affinity  for  strong 
base  anion  exchange  resins  than  sulfate  so  that  fewer 
resin  sites  are  available  for  uranium  adsorption  in 
acid  solutions  where  equilibrium  favors  the  bisulfate. 

The  composition  of  leach  liquors  obtained  from 
domestic  ores  varies  considerably  in  uranium  and 
sulfuric  acid  concentration.  Typical  leach  solutions 
are  adjusted  to  pH  1.0  to  1.5  and  contain  0.5  to 
1  gram  U.{(  >H  per  liter  and  approximately  10  to  20 
grams  sulfate  per  liter  prior  to  ion  exchange  treat- 
ment. 

The  recovery  of  uranium  by  ion  exchange  involves 
three  basic  operations : 

Adsorption 

The  resin  is  contacted  with  the  uranium-bearing 
solution,  and  the  uranium  is  adsorbed.  This  opera- 
tion is  commonly  referred  to  as  the  adsorption,  load- 
ing or  exhaustion  cycle.  The  reaction  whereby  the 
uranium  is  adsorbed  by  the  resin  may  be  written 
in  the  following  manner  where  A*  indicates  the  resin 

4KC1  +  [U02(S04)3l4-^/?4U02(S04)3  +  4C1- 
2RC\  +  [U02(  S04)2]2~^±  /?,UOt(S04)a  +  2C1- 


54 


THE  RESIN-IN-PULP  PROCESS  FOR  U-RECOVERY 


55 


Elution 

The  adsorbed  uranium  is  removed  from  the  loaded 
or  exhausted  resin  by  contacting  the  resin  with  an 
acidified  chloride  or  nitrate  solution.  This  operation 
is  referred  to  as  the  elution  cycle,  the  solution  used 
for  elution  is  called  the  eluant,  and  the  resulting 
uranium-rich  solution,  the  eluate.  The  elution  reaction 
proceeds  from  right  to  left  in  the  equations  above. 

Precipitation 

The  uranium  is  precipitated  from  the  eluate  by 
neutralization,  and  the  barren  filtrate  is  recycled  for 
elution  after  adjustment  of  pH  and  chloride  or 
nitrate  concentration. 

PROCESS  VARIABLES 

Adsorption  by  ion  exchange  is  controlled  by 
equilibria  involving  the  concentration  of  the  adsorbed 
species  on  the  resin  and  the  concentration  of  the 
adsorbable  species  in  the  solution.  In  a  columnar  bed 
system,  the  uranium  concentration  in  the  resin  and 
in  the  solution  decreases  from  top  to  bottom.  Con- 
ditions are  ideal  for  the  necessary  equilibria  whereby 
simultaneous  saturation  of  the  resin  and  complete 
removal  of  the  uranium  from  the  solution  are  at- 
tained. However,  in  a  batch  type  of  contact,  ad- 
sorption occurs  only  to  the  point  where  there  is  an 
equilibrium  between  the  uranium  on  the  resin  and 
in  the  solution,  and  no  concentration  gradient  exists 
in  the  resin  or  solution.  Thus  to  insure  complete 
recovery  of  uranium  a  number  of  individual  stages 
or  contacts  is  required,  in  each  of  which  a  fixed 
amount  of  uranium  is  adsorbed.  Therefore,  a  funda- 
mental difference  between  a  column  and  a  batch 
contact  system  is  the  number  of  stages  available  for 
adsorption.  In  a  column,  as  in  any  packed  tower, 
this  number  of  stages  is  very  large  whereas  in  a 
system  of  individual  contacts,  the  number  must 
of  economic  necessity  be  small. 

Other  points  of  difference  are  in  the  choice  of 
operating  variables.  The  variables  in  a  columnar 
system  are  the  solution  retention  time  and  the  total 
throughput  of  solution  per  unit  volume  of  resin. 
These  same  variables  exist  in  a  batch  contact  system, 
but  in  addition  the  ratio  of  solution  to  resin  may  be 
any  desired  value.  In  a  fixed  bed  columnar  system, 
the  ratio  of  solution  to  resin  is  determined  by  the 
void  volume  in  the  resin  bed,  which  is  approximately 
40  per  cent  of  the  bed  volume. 

To  evaluate  the  applicability  of  batch  contact 
operation  to  uranium  processing,  laboratory  experi- 
ments were  performed  on  clear  solutions.  These  ex- 
periments showed  that  the  resin  can  attain  the  same 
degree  of  saturation  by  repeated  batch  contacts  as 
is  possible  in  columns.  Likewise,  by  repeated  con- 
tacts with  fresh  resin,  a  uranium-bearing  solution 
can  be  as  completely  stripped  of  its  uranium  content 
as  in  columnar  operation.  Finally,  by  repeated  con- 
tacts with  a  one  molar  nitrate  or  chloride  solution, 
a  resin  loaded  with  uranium  can  be  completely 
stripped  of  its  uranium  content. 


Additional  batch  contact  experiments  showed  that 
uranium  is  readily  adsorbed  directly  from  leached 
pulps  by  anion  exchange  resins  and  that  the  U  adsorp- 
tion rate  is  essentially  unaffected  by  ore  solids. 

However,  no  data  were  available  on  the  effect  of 
contact  time,  solution  to  resin  ratio,  and  number  of 
stages  on  uranium  adsorption.  An  investigation  of 
these  variables  was  required  before  further  develop- 
ment of  the  Rl  P  process  was  possible. 

The  effect  of  contact  time  and  extent  of  loading 
was  studied  in  a  series  of  tests  in  which  10  ml 
of  resin  were  contacted  for  two  hours  with  ten 
successive  250  ml  portions  of  leach  solution.  The 
data  are  presented  graphically  in  Fig.  1.  From  these 
data,  two  main  conclusions  can  be  drawn.  First,  the 
time  required  to  reach  steady  state  is  short;  well 
over  50  per  cent  of  the  uranium  that  can  be  ad- 
sorbed is  picked  up  by  the  resin  within  the  first  10 
minutes  of  contact  and  steady  state  is  reached  in 
about  40  minutes.  Second,  the  uranium  loading  on 
the  resin  has  no  apparent  effect  on  the  time  required 
to  reach  steady  state. 

Tests  were  run  to  see  how  much  difference  there 
was  in  resin  loading  in  a  multiple  contact  batch 
adsorption  system  when  5-  and  15-minute  contacts 
were  used  instead  of  the  40-minute  contacts  pre- 
viously found  necessary  to  attain  steady  state  load- 
ing. Three  portions  of  10  ml  of  resin  were  contacted 
with  ten  250  ml  portions  of  an  artificial  uranium 
solution  for  5,  15  or  40  minutes.  Figure  2  presents 
the  cumulative  uranium  loading  on  the  resin  versus 
the  total  contact  time.  The  data  show  that  95  and  81 
per  cent  of  the  steady  state  loading  was  obtained 
respectively  with  the  15-minute  contacts  and  the  5- 
rninute  contacts.  A  suitable  retention  time  would  thus 
be  1 5  minutes ;  longer  retentions  are  unnecessary. 

In  Fig.  3  the  results  of  tests  are  presented  in  which 
several  one  liter  portions  of  leach  solution  were 
contacted  for  two  hours  with  different  amounts  of 
resin.  The  data  show  that  the  time  required  to 
reach  steady  state  was  essentially  unaffected  by  the 
ratio  of  solution  to  resin. 

In  the  preceding  experiments,  the  resin  was  con- 
tacted batchwise.  In  a  commercial  operation,  the 
flow  of  solution  would  be  continuous  whereas  the 
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Figure  2.  Effect  of  cumulative  contacting  on  uranium   adsorption 
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Figure  3.  Effect  of  solution  to  resin  ratio  on  uranium  adsorption 

resin  would  be  intermittently  advanced  counter- 
currently.  By  analogy  to  column  operation,  the  resin 
in  the  first  stage  should  reach  saturation  when  the 
effluent  from  the  last  stage  reaches  a  uranium  con- 
centration of  approximately  2  per  cent  of  the  feed 
concentration  (cutoff).  The  data  in  Table  I  sum- 
marize the  results  of  experiments  simulating  com- 
mercial operation  in  which  the  effect  of  solution  to 
resin  ratio  and  solution  retention  tLne  were  studied. 

Table  I.     Effect    of    Solution    Retention    Time    and 
Solution  to  Resin   Ratio  on   Rate  of  Uranium  Ad- 
sorption and  Number  of  Stages  Required 


Solution  retention 

Solution 

UytOn  adsorption  rate. 

ttmc  in 

to  re  sin 

Stayes 

Mff  l''nOn  per 

mi  nut  ex 

ratio 

required 

ml  revin/minntc 

4 

2.4 

6 

0.104 

4 

5.1 

7 

0.328 

4 

102 

o 

0.548 

4 

4.0 

7 

0.273 

7.5 

4.0 

ft 

0.170 

15.0 

4.0 

5 

0.102 

The  data  show  that  the  number  of  stages  required 
for  saturation  of  the  resin  to  occur  simultaneously 
with  cutoff  increases  as  the  solution  to  resin  ratio 
increases  and  as  the  solution  retention  time  decreases. 
At  the  same  time,  the  quantity  of  uranium  adsorbed 
per  minute  per  ml  of  resin  increases  with  increasing 
solutions  to  resin  ratios  and  decreasing  solution 
retention  time.  Obviously,  then,  maximum  resin 


utilization  would  be  obtained  by  the  use  of  a  large 
number  of  stages  with  high  solution  flow  rates  and 
solution  to  resin  ratios. 

There  are  twro  factors  which  will  establish  economic 
limits  for  solution  to  resin  ratio  and  solution  reten- 
tion time.  The  first  factor  is  the  number  of  stages. 
As  the  number  of  stages  increases,  the  size  of  the 
cell  will  decrease ;  but  the  capital  cost  will  increase 
because  it  is  generally  cheaper  to  build  a  large  cell 
rather  than  several  small  cells  of  the  same  total 
capacity  or  solution  retention  time.  The  second  factor 
is  timing.  After  the  resin  has  been  loaded,  it  must  be 
removed  from  the  adsorption  circuit  and  eluted.  This 
requires  time.  Consequently,  if  loaded  resin  is  being 
removed  from  the  adsorption  circuit  faster  than  it 
can  be  eluted,  additional  equipment  and  resin  in- 
ventory is  required. 

The  elution  of  uranium  from  loaded  resin  proceeds 
because  of  the  high  concentration  of  adsorbable 
anion  in  the  eluant  and  is  subject  to  the  same  con- 
siderations which  affect  uranium  adsorption.  In  ura- 
nium elution  two  requirements  must  be  met.  First, 
the  uranium  must  be  completely  removed  from  the 
resin,  otherwise  the  residual  uranium  will  be  lost 
during  the  succeeding  adsorption  cycle.  Second,  the 
uranium  should  be  contained  in  the  smallest  practical 
volume  of  solution  so  as  to  reduce  subsequent  precipi- 
tation costs. 

Table  II  summarixes  the  results  of  batch  contact 
tests  to  determine  the  effect  of  solution  to  resin  ratio 
and  contact  time  on  the  number  of  contacts  required 
to  obtain  complete  elution.  Complete  elution  of  ura- 
nium is  usually  considered  to  have  occurred  when 
the  concentration  of  the  uranium  in  the  last  fraction 
of  the  eluate  does  not  exceed  0.1  gram  per  liter.  The 
eluant  used  in  these  tests  was  0.9rtf  NH4NOa~ 
O.I  At  HNOr  From  Table  II  it  is  evident  that  higher 
grade  eluates  are  obtained  if  the  solution  to  resin 
ratio  is  reduced.  However,  as  the  ratio  becomes 
smaller,  the  number  of  stages  required  for  complete 
elution  increases. 

The  above  data  were  obtained  from  successive 
batch  contacts  with  fresh  eluant.  The  data  in  Table 
111  present  the  results  obtained  in  a  batch  counter- 
current  system  where  fresh  eluant  was  introduced 
only  in  the  last  stage  of  the  elution  circuit.  The 

Table  II.     Effect   of   Solution   to    Resin    Ratio   and 
Number  of  Contacts  on  the  Eluate  Grade 

Eluate  gm  UuOn/l 


S  2*  minute  contact 

in-minute  contact 

Contacts 

Ratios    1.4 

J.8 

5.8 

s.n 

1 

6.58 

5.75 

3.32 

2.74 

2 

5.95 

2.70 

0.93 

1.29 

3 

2.51 

1.45 

0.24 

0.50 

4 

1.85 

0.27 

0.08 

0.21 

5 

0.65 

0.11 

0.02 

0.04 

6 

050 

0.05 

0.01 

7 

0.20 

8 
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solution  to  resin  ratio  in  these  tests  was  5.6  and 
the  contact  time  was  32  minutes  per  stage. 

Table  III.     Four  Stage  Batch  Countercurrent  Elution 
Test 


Eluate  Us 

;O8  &m/l 

Cycle 

Stage  1 

Stage  4 

0 

67 

0.01 

1 

7.0 

0.01 

2 

6.9 

0.01 

3 

6.9 

0.003 

Comparison  of  Tables  II  and  III  indicates  that 
countercurrent  movement  of  the  eluant  does  not 
appreciably  affect  elution  efficiency,  but  does  mate- 
rially improve  eluate  grade.  The  actual  data  presented 
indicates  a  twofold  increase  in  the  U.{OH  concentra- 
tion of  the  eluate.  Thus  the  cost  of  alkali  for  precipita- 
tion of  uranium  from  eluate  would  be  almost  halved. 
Further  increases  in  the  uranium  concentration  of 
the  eluate  may  be  obtained  by  increasing  the  number 
of  stages. 

PROCESS   DEVELOPMENT 

In  the  initial  experiments  which  led  to  the  develop- 
ment of  the  final  RIP  process,  standard  anion  ex- 
change resin  beads  were  added  to  a  leached  pulp 
and  later  removed  by  screening  or,  alternately,  the 
resin  was  placed  in  a  stainless  steel  wire  mesh  basket 
which  was  gently  agitated  in  the  pulp.  The  fine  size 
of  the  beads,  predominately  20/48  mesh  (0.30-0.83 
mm),  necessitated  the  use  of  screens  having  an  open- 
ing no  larger  than  65  mesh  (0.20  mm),  and  the 
transfer  of  the  pulp  through  the  screen  was  difficult. 
A  program  of  resin  development  was  therefore  under- 
taken in  cooperation  with  commercial  resin  manu- 
facturers to  produce  ion  exchange  resins  in  a  form 
which  could  be  readily  separated  from  the  pulp  by 
a  coarse  screening  operation.  The  resin  forms  de- 
veloped were  of  two  shapes :  thin  sheets  and  extruded 
Vie-in  diameter  rods.  A  magnetic  resin  was  also 
prepared  by  incorporating  finely  ground  magnetite 
into  the  sheet  or  extruded  forms.  The  adsorption 
characteristics  and  physical  stability  of  these  new 
resin  forms  proved  to  be  generally  unsatisfactory. 
Efforts  of  the  resin  manufacturers  were  then  directed 
to  the  production  of  coarser  bead  resins  having  a 
predominately  J%0  mesh  (0.83-1.65  mm)  thus 
permitting  a  separation  of  resin  from  the  pulp  with 
a  screen  having  a  nominal  28  mesh  (0.59  mm  open- 
ing). Early  lots  of  these  coarser  bead  resins  had 
generally  low  chemical  efficiency  and  physical  sta- 
bility. During  the  past  two  years,  large  bead  resins 
have  been  improved  so  that  today  their  chemical  and 
•physical  stability  is  comparable  with  that  of  the 
standard  bead  resins. 

With  the  successful  production  of  coarse  bead 
resins,  the  RIP  process  was  an  actuality.  However 
one  more  link  in  the  chain  was  necessary — the 
development  of  a  mechanical  method  for  conducting 
the  basic  adsorption  and  elution  steps.  This  mechan- 


ical method  would  have  the  following  requisites: 
(1)  close  metallurgical  control;  (2)  minimum  resin 
loss  (mechanical  and  attrition)  ;  (3)  constant  control 
of  resin  to  pulp  and  resin  to  eluant  ratios  throughout 
the  system;  (4)  applicability  to  type  of  resin  beads 
available;  (5)  low  maintenance  and  operating  costs; 
(6)  simplicity  and  flexibility  of  operation;  (7)  low 
capital  cost;  (8)  capability  of  expansion  from  small 
units  to  larger  plant  scale  models  without  sacrifice  in 
efficiency. 

It  was  recognized  quite  early  that  all  of  the  preced- 
ing requirements  for  good  resin-in-pulp  operation 
probably  could  not  be  incorporated  in  the  first 
machine  developed  for  an  operating  plant.  It  was 
apparent,  however,  that  close  metallurgical  control, 
minimum  resin  loss,  and  control  of  resin  to  pulp 
ratios  were  absolutely  essential  and  could  not  be 
sacrificed.  These  three  basic  requirements  had  more 
bearing  on  the  selection  or  rejection  of  proposed 
machines  than  any  other  factors.  It  was  further  estab- 
lished that  a  machine  designed  to  operate  in  a 
desanded  pulp  had  the  best  chance  of  success  because 
of  superior  screening  efficiency.  As  a  result,  the  work 
was  concentrated  on  desanded  pulps  in  order  to 
speed  up  development  of  the  process. 

Two  basic  schemes  were  given  consideration  in 
initial  equipment  development  studies.  The  first 
scheme  was  one  in  which  the  resin  actually  moves 
continuously  and  countercurrent  to  the  flow  of  pulp 
in  the  adsorption  cycle  and  continuously  and  counter- 
current  to  the  flow  of  eluant  in  the  elution  cycle.  The 
second  scheme  involved  a  modified  countercurrent 
system  in  which  the  resin  is  confined  to  containers  or 
units  through  which  the  pulp  or  eluant  flows,  the 
countercurrent  effect  being  produced  by  intermit- 
tently advancing  each  unit  in  its  respective  circuit. 

A  thorough  screening  process  of  many  suggested 
devices  narrowed  the  choice  to  two  machines  each 
typical  of  the  two  schemes  noted  above.  The  proce- 
dure having  the  characteristics  of  a  continuous 
countercurrent  system  was  a  system  of  trommels  and 
agitators  in  which  the  resin  beads  were  advanced 
from  tank  to  tank  by  elevating  with  lifter  bars.  This 
method  had  the  advantage  of  continuous  operation 
and  low  capital  cost.  Work  was  suspended  on  it, 
however,  in  favor  of  a  basket  machine  arrangement 
as  it  was  not  certain  that  the  trommel  arrangement 
would  provide  the  most  important  requisites  for  suc- 
cessful operation,  namely,  metallurgical  control,  low 
resin  loss  and  positive  control  of  resin  to  pulp  ratio. 

The  basket  arrangement,  which  ultimately  was 
installed  in  tht  pilot  plant  at  Grand  Junction,  Colo- 
rado, in  early  1953,  was  an  adaptation  of  the  modified 
intermittent  countercurrent  scheme.  The  develop- 
ment of  the  basket  machine  strangely  enough  began 
in  the  laboratory  where  bench  scale  batch  loading 
and  elution  tests  were  made  to  prove  the  applicability 
of  RIP.  Cloth  bags  and  small  wire  baskets  contain- 
ing the  beads  were  slowly  moved  up  and  down  in 
containers  of  pulp  or  solution  and  advanced  inter- 
mittently. The  basic  principle  employed  in  the  pilot 


58 


VOL.  VIII         P/526         USA         R.  F.  HOLLIS  and  C.  K.  McARTHUR 


plant  is  no  different  than  that  used  in  the  early  and 
seemingly  primitive  methods  which  demonstrated  the 
process  was  possible.  Baskets  in  the  present  machines 
are  slowly  moved  up  and  down  for  the  same  basic 
reasons,  namely,  to  contract  and  expand  the  bed 
of  beads  so  that  satisfactory  contact  with  the  pulp 
can  be  effected.  At  the  same  time  mild  agitation  is 
produced  which  improves  circulation  and  prevents 
settling  of  solids  within  and  without  the  basket. 

Figure  4  is  a  sketch  showing  the  construction 
details  of  a  basket,  units  of  which  range  in  size  from 
17  in.  X  17  in.  X  17  in.  to  72  in.  X  72  in.  X  72  in. 
The  17-in.  baskets  operate  with  fourteen  6-in.  strokes 
per  minute ;  the  larger  72-in.  machine,  with  a  20-in. 
stroke.  Wet  settled  resin  depth  varies  in  the  machines 
from  approximately  6  in.  in  the  17-in.  machine  to 
16  in.  in  the  72-in.  unit. 

Figure  5  shows  a  cross  section  of  a  basket  in  its 
tank  and  illustrates  the  position  of  the  beads  at  the 
bottom  and  top  of  the  stroke.  Note  the  slot  on  each 
side  of  the  basket.  A  pumping  action  takes  place 
due  to  the  motion  of  the  basket  which  elevates  the 
pulp  through  the  slot  from  the  bottom  of  the  cell 
to  the  top. 

The  first  unit  installed  in  the  pilot  plant  contained 
six  stages  or  banks.  Each  bank  contained  four 
baskets  separated  into  compartments  by  baffles.  The 


Reciprocating  Rod 


Stainless  Steel 
Angle  Frame 


3/8"  x3/4"  Wood- 
Binder  Strip 
Bolted  to  Frame 


Stainless  Steel  Screen  on 
Four  Sides  and  Bottom 


Figure  4.  Isometric    view — 18-in.    basket 
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Figure  5.  Section    through    basket,    showing    expansion    and 
compaction   of    heads   in  adsorption    units 


baskets  were  constructed  of  a  hard  maple  framework 
rigidly  supported  and  held  together  by  tongue  and 
groove  joints.  The  top  of  the  basket  was  left  open 
with  the  remaining  five  sides  enclosed  with  Ludlow 
Saylor  No.  281,  8  X  28  mesh  Rec-Tang  Screen 
bolted  to  the  framework.  The  bolts  were  18-8  stainless 
steel  and  the  screen  was  woven  with  Carpenter  20 
stainless  steel  wire. 

The  baskets  were  actuated  in  pairs  by  %-hp  gear 
motors.  These  gear  motors  were  connected  to  a  shaft 
by  a  chain  drive.  On  the  ends  of  the  shaft  were 
eccentric  plates  upon  which  was  bolted  a  crank  pin. 
The  rotation  of  the  shaft  was  translated  into  a  ver- 
tical movement  of  the  basket  by  means  of  a  connect- 
ing rod.  No  guides  were  provided  on  the  first  design 
and  each  basket  was  allowed  to  move  up  and  down 
freely  within  the  confines  of  its  compartment.  Length 
of  stroke  on  this  machine  was  made  adjustable  by 
the  drilling  of  several  holes  in  the  eccentric  plate  at 
various  distances  from  the  center  line  of  the  shaft. 
The  speed  of  the  baskets  could  be  varied  by  changing 
the  sprocket  ratios  on  the  chain  drive. 

Early  test  work  both  in  the  pilot  plant  and  in  the 
laboratory  indicated  that  the  original  six  bank  system 
did  not  provide  sufficient  flexibility.  It  was  necessary 
to  load  with  five  banks  on  the  exhaustion  cycle  while 
the  sixth  bank  was  being  eluted  in  a  six-contact  batch 
countercurrent  process.  A  great  deal  of  fundamental 
information  and  operating  experience  was  obtained 
from  this  original  basket  installation  however,  and 
the  results  were  so  encouraging  that  a  new  and 
larger  plant  was  built  in  1954. 

From  the  experience  and  metallurgical  data  ac- 
cumulated in  the  original  installation  certain  improve- 
ments were  made  with  respect  to  details  in  design 
and  bank  arrangement. 

Figures  6  and  7  are  schematic  and  pictorial  pilot 
plant  flowsheets  from  the  grinding  unit  through  the 
RIP  section. 

This  is  a  typical  layout  and  represents  almost 
exactly  the  flowsheets  planned  for  the  five  processing 
plants  which  will  incorporate  the  RIP  process.  The 
ore  is  ground  in  a  ball  mill  and  the  pulp  overflows 
the  classifier  at  50  per  cent  solids.  This  pulp  is 
pumped  to  acid-proof  Deveraux  agitators  and  leached 
with  sulfuric  acid.  The  desanding  operation  then 
follows  with  four  drag  classifiers  using  two  cyclones 
in  parallel  with  the  first  two  classifiers.  This  pro- 
duces a  -325  mesh  slime  containing  approximately 
8  per  cent  solids  which  is  pumped  to  the  RIP  units. 
Since  the  concentration  of  dissolved  uranium  in  the 
pulp  being  fed  to  the  RIP  circuit  affects  the  operation 
of  the  adsorption  section,  efforts  should  be  made  to 
avoid  unnecessary  dilution  of  the  feed.  Thus  the 
amount  of  water  added  should  not  be  in  excess  of 
minimum  requirements  for  washing  the  sands  and 
adjusting  the  pulp  density.  The  dilution  water  added 
during  classification  normally  acts  to  increase  the 
pH  of  the  feed  to  approximately  1.5.  The  flow  rate 
of  the  RIP  feed  depends  upon  the  slime  content 
of  the  ore,  but  the  average  is  found  to  be  about  0.65 
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Figure  6 


gallons  per  minute  per  ton  of  ore  that  is  treated  per 
day. 

Information  gained  in  the  original  pilot  plant 
installation  and  data  obtained  in  the  laboratory  had 
demonstrated  that  the  following  conditions  are  con- 
ducive to  good  operation  and  metallurgy  in  basket 
RIP: 

1.  The  volume  ratio  of  pulp  to  wet  settled  resin 
should  be  approximately  6  to  1. 

2.  The  minimum  number  of  banks  on  exhaustion 
for  a  normal  pulp  should  be  six ;  a  maximum  of  nine 
could  be  used  for  low  grade  pulps  and  high  flow 
rates. 

3.  The  total  pulp  residence  time,  with  six  banks 
on  exhaustion,  should  be  approximately  100  minutes. 

4.  The   minimum   number  of  banks  on   elution 
should  be  six. 

5.  The  feed  pulp  to  the  exhaustion  circuit  should 
contain  less  than  10  per  cent  solids  and  should  be 
essentially  all  -325  mesh  (less  than  43  microns). 

On  the  basis  of  the  above  requirements,  the  new 
RIP  circuit  was  designed  with  14  two-cell  banks. 
Thus,  under  normal  conditions,  the  circuit  can  be 
operated  with  six  banks  on  exhaustion  and  six  on 
elution  with  two  banks  as  spares  to  permit  change- 
over. A  detailed  drawing  of  an  individual  two-cell 
bank  is  shown  in  Fig.  8. 


OPERATION    OF    THE    PILOT    PLANT    RIP    CIRCUIT 

The  principal  operating  variable  for  an  RIP 
circuit  is  the  length  of  time  between  changeovers. 
This  time  is  determined  by  the  rate  of  introduction 
of  uranium  to  the  circuit  and  the  uranium  capacity 
of  the  ion  exchange  resin.  In  the  pilot  plant  RIP 
units,  each  of  the  fourteen  banks  contains  two  cubic 
feet  of  resin  which  has  a  capacity  of  about  three 
pounds  of  U3O8  per  cubic  foot.  When  all  banks  in 
the  adsorption  section  have  been  operated  for  some 
time  and  are  at  steady  state,  the  lead  bank  will 
become  saturated  every  three  hours.  When  this 
occurs,  the  feed  stream  is  switched  from  the  lead 
bank  to  the  second  bank,  and  the  pulp  remaining 
in  the  lead  bank  is  discharged  and  rinsed  through 
the  rest  of  the  banks  in  the  series.  At  the  same 
time,  a  new  bank,  containing  barren  resin,  is  added 
to  the  tail  end  of  the  adsorption  section,  the  over- 
flow going  to  tails. 

At  the  time  of  the  changeover,  the  last  bank  should 
still  be  making  a  satisfactory  barren  and  its  perform- 
ance determines  the  number  of  banks  to  keep  on 
exhaustion.  If  tails  are  high  at  the  time  of  change- 
over, obviously  it  is  necessary  to  put  an  additional 
bank  on  exhaustion,  or  reduce  the  uranium  through- 
put per  cycle. 
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Figure  7.  Resin-in-pulp  flow  sheet  for  treatment  of  uranium  ores 


The  elution  operation  is  controlled  by  the  volume 
of  eluant  necessary  to  completely  elnte  the  uranium 
from  one  bank  of  loaded  resin.  As  the  elution  cycle 
starts,  the  six  banks  in  the  elution  section  are  full 
of  eluting  solution.  A  seventh  bank,  which  contains 
loaded  resin  just  taken  off  adsorption,  but  no  solution, 
is  added  to  the  downstream  end  of  the  elution  sec- 
tion. The  solution  in  each  bank  is  now  transferred 
one  bank  downstream.  The  flow  so  produced  fills 
the  newly  added  bank  and  empties  the  lead  bank. 
The  resin  in  the  empty  bank  is  rinsed  free  of  en- 
trained eluant  and  the  rinse  water  is  pumped  through 
the  circuit.  The  empty  bank  is  now  removed  from 
the  elution  section  and  placed  on  standby  for  use 
in  the  adsorption  section.  Barren  eluant  is  next 
pumped  into  the  new  lead  bank,  displacing  solution 
from  bank  to  bank  until  an  equivalent  volume  of 
uranium  rich  eluate  is  discharged  from  the  last  bank 
into  the  precipitation  tank.  The  volume  of  barren 
eluant  pumped  into  the  system  is  determined  by  the 
uranium  concentration  in  the  discharge  from  the 
lead  bank.  When  its  concentration  drops  to  0.1  gram 
t:.{OH  per  liter,  the  flow  of  eluant  through  the  system 
is  stopped  until  the  next  changeover.  In  the  pilot 
plant  RIP  circuit,  approximately  86  gallons  of  eluant 


are  used  per  changeover.  Pulp  and  eluate  transfers 
are  made  by  a  system  of  airlifts.  A  cutaway  drawing 
of  the  airlift  arrangement  is  shown  in  Fig.  9.  The 
airlift  discharges  into  a  distributor  which  provides 
for  transfer  to  the  tailings  pond,  to  the  next  bank 
downstream,  or  to  the  precipitation  tank. 

The  pregnant  eluate  which  normally  contains 
eight  grams  of  UaO8  per  liter  is  precipitated  by 
neutralizing  with  ammonia  or  magnesia.  The  result- 
ant slurry  is  filtered  and  washed  in  a  filter  press. 
The  washed  cake  is  then  dried  in  a  tray  drier.  The 
barren  filtrate  is  adjusted  to  56  grams  nitrate  per 
liter  by  addition  of  ammonium  nitrate  and  then 
acidified  to  pH  1.2  with  sulfuric  acid.  Total  reagent 
consumption  per  pound  of  U3<  >8  recovered  will  vary 
with  the  degree  of  saturation  of  the  resin.  Pilot  plant 
operating  data  indicate  an  average  consumption  of 
3.8  pounds  ammonium  nitrate,  1.8  pounds  sulfuric 
acid,  and  1 .0  pound  of  ammonia. 

Typical  RIP  operating  conditions  with  respect  to 
uranium  distribution  are  shown  in  Fig.  10,  11  and 
12.  These  figures  are  based  on  conditions  prevailing 
at  the  time  of  changeover.  Figure  10  illustrates  the 
gradual  drop  in  resin  loading  from  the  lead  bank  to 
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Figure  8.  Section  view  of  two-cell  bank 


62 


VOL  VIM         P/526         USA         R.  F.  HOLLIS  and  C.  K.  McARTHUR 


,      FEED   TO 
M|  NEXT  BANK 


•  ^PRECIPITATION 
TAILINGS 


Figure  9 

the  tailings  bank  in  a  seven  bank  adsorption  section. 
Figure  11  shows  how  the  solution  grade  in  the  same 
section  decreases  as  the  feed  passes  from  bank  to 
bank  and  how  the  uranium  distribution  coefficient 
increases  with  decreasing  solution  grade. 

Figure  12  illustrates  how  the  resin  loading  varies 
from  bank  to  bank  through  out  a  seven-bank  elution 
section. 

During  two  years  of  RIP  pilot  plant  operation, 
equipment  performance  has  been  remarkably  trouble- 
free.  At  no  time  has  it  been  necessary  to  shut  down 
for  mechanical  failure  of  the  RIP  units.  The  original 
baskets,  which  are  of  wooden  construction,  are  still 
in  operation,  and  no  screen  changes  have  been  neces- 
sary. Mechanical  stability  of  the  large  bead  resins 
has  been  found  to  be  exceptionally  good.  The  total 
resin  loss  due  to  attrition  in  two  years  of  operation 
has  been  23  per  cent.  During  this  two-year  period, 
the  resin  was  actually  on  stream  for  8070  hours. 
Loading  capacities  have  decreased  approximately  10 
per  cent,  but  adsorption  and  elution  rates  appear  to 
be  unaffected. 

No  serious  process  difficulties  have  been  encoun- 
tered since  the  first  pilot  plant  demonstration  of  the 
RIP  process.  However,  if  the  ore  being  processed 
contains  vanadium  it  is  necessary  to  be  sure  that  the 
dissolved  vanadium  is  present  in  the  reduced  form. 
Pentavalent  vanadium  adsorbs  on  the  resin  and  is 
not  eluted  by  the  regular  elution  solution.  The 
adsorption  of  vanadium  is  not  permanent  as  it  can 


be  stripped  from  the  resin  by  the  use  of  sulfurous 
acid.  However,  the  best  solution  to  the  problem  is 
to  avoid  its  being  adsorbed.  To  insure  that  the 
vanadium  is  in  the  (IV)  oxidation  state  in  the  pulp, 
sufficient  powdered  iron  is  added  at  the  end  of  the 
leach  to  produce  a  terminal  emf  of  0.45  volts  (vs 
Standard  Calomel  electrode). 

COMMERCIAL  DESIGN  CONSIDERATIONS 

An  example  of  the  factors  which  must  be  con- 
sidered in  the  design  of  a  commercial  size  mill  will 
now  be  presented.  Assume,  that  it  is  necessary  to 
design  an  RIP  circuit  for  a  mill  treating  450  tons 
per  day  of  ore  containing  0.3  9&  UaOg.  To  determine 
the  number  and  size  of  baskets  needed  in  the  RIP 
circuit  the  following  procedure  would  be  employed : 

1.  Estimate  the  cycle  time.  Pilot  plant  test  work 
has  indicated  that  a  minimum  cycle  of  two  hours 
can  be  used.  For  design  a  3-hr  cycle  is  assumed. 

2.  Determine  the  uranium  imput  per  cycle.  Since 
450  tons  of  ore  are  to  be  processed  per  24  hours, 
56.2  tons  of  ore  are  being  fed  to  the  leach  circuit 
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every  three-hour  cycle.  This  is  equivalent  to  337 
pounds  of  UaOs  for  an  ore  containing  0.3  per  cent 
UsOs.  Assuming,  in  this  instance,  a  90  per  cent 
solubilization,  then  303  pounds  of  UaOg  will  be  in- 
troduced into  the  RIP  circuit  every  cycle. 

3.  Determine  the  resin  inventory  per  bank.  For 
a  resin  with  an  operating  capacity  of  3  pounds  of 
U3O8  per  cubic  foot,  101  cubic  feet  will  be  required 
per  bank,  since  during  each  cycle  one  bank  contain- 
ing 303  pounds  of  U3O8  must  be  removed  from  the 
adsorption  section. 

4.  Determine  the  number  and  size  of  baskets  per 
bank.  To  date  the  maximum  size  basket  which  has 
been    constructed    and    tested    has    been    a    unit 
6  ft  X  6  ft  X  6  ft.  A  basket  of  this  size  has  operated 
efficiently  with  a  resin  inventory  of   50  cubic  feet. 
Thus  each  bank  would  consist  of  two  6-ft  baskets. 

5.  Determine  the  total  number  of  banks  in  the 
circuit.  As  indicated  earlier,  a  minimum  of  fourteen 
banks  is  required  for  efficient  operation  and  flexibil- 
ity. This  assumes  six  or  seven  banks  on  exhaustion 
and  six  on  elution  and  one  or  two  on  standby.  With 
very  low  grade  feed,  however,  the  requirement  may 
increase  to  sixteen  banks  in  order  to  provide  for 
high  recovery  and  efficient  elution. 

Wherever  possible,  the  number  of  banks  required 
should  be  determined  from  pilot  plant  tests. 

DISCUSSION 

Results  obtained  in  the  pilot  plant  testing  of  the 
RIP  process  on  the  ores  from  seven  different  ore 
producing  districts  of  the  United  States  has  resulted 
in  the  RIP  process  being  incorporated  in  all  of  the 
new  plants  now  under  construction  or  in  the  design 
stage.  RIP  represents  the  successful  solution  to  a 
problem  that  has  been  studied  as  long  as  hydro- 
metallurgy  has  been  practiced,  namely  the  elimina- 


tion of  the  liquid-solid  separation  before  recovery 
of  the  dissolved  values.  The  advantages  of  the  RIP 
process  are:  (1)  complete  independence  from  the 
physical  properties  of  the  ores  such  as  filtering  and 
settling  characteristics;  (2)  better  than  99  per  cent 
recovery  of  the  dissolved  uranium  values ;  (3)  a  final 
product  that  averages  70  per  cent  U3O8  or  better 
and  is  largely  free  from  elements  which  would  be 
deleterious  to  processes  used  in  the  refining  of 
uranium  metal;  (4)  low  mechanical  maintenance 
costs;  (5)  dependable  mechanical  and  metallurgical 
operation  resulting  in  a  high  percentage  of  operating 
time;  (6)  flexibility  with  regard  to  tonnage  of  ore 
treated  as  the  capacity  within  limits  is  based  on 
uranium  throughput. 

FUTURE   DEVELOPMENTS 

At  the  present  time  the  RIP  process  is  being 
applied  to  the  recovery  of  uranium  from  alkaline 
leached  pulps.  Test  work  is  currently  in  the  pilot 
plant  stage ;  although  several  process  problems  exist, 
highly  encouraging  results  have  been  obtained. 

Equipment  for  a  continuous  countercurrent  RIP 
process,  in  which  the  resin  is  moved  continuously 
rather  than  batchwise,  is  in  the  pilot  plant  stage  of 
development.  In  addition  the  recovery  of  uranium 
from  desanded  pulps  in  fixed  bed  columns  is  being 
investigated. 

ACKNOWLEDGEMENTS 

The  authors  are  pleased  to  acknowledge  the  con- 
tributions of  the  following  persons  in  the  develop- 
ment of  the  RIP  process : 

Dr.  G.  G.  Marvin,  Assistant  Director,  Division  of 
Raw  Materials,  US  Atomic  Energy  Commission,  who 
has  actively  supported  and  encouraged  the  activities 
of  the  Raw  Materials  Development  Laboratory  and 
its  pilot  plant. 

Dr.  A.  M.  Gaudin,  Richards  Professor  of  Mineral 
Engineering,  Massachusetts  Institute  of  Technology, 
under  whose  direction  the  original  process  develop- 
ment was  carried  out. 

Mr.  D.  M.  Kentro,  Metallurgical  Advisor,  Divi- 
sion of  Raw  Materials,  US  Atomic  Energy  Commis- 
sion, and  formerly  Director,  Raw  Materials  Develop- 
ment I-aboratory,  who  encouraged  the  development 
of  the  process  in  the  original  pilot  plant. 

Mr.  J.  S.  Breitenstein,  Technical  Director,  Raw 
Materials  Development  Laboratory,  under  whose 
direction  the  new  RIP  installation  was  constructed, 
and  who  has  given  continuing  encouragement  to  the 
furtherance  of  the  process  on  a  commercial  scale. 

The  technical  staff,  past  and  present,  of  the  Raw 
Materials  Development  Laboratory,  whose  test  work 
provided  the  fundamental  information  which  cul- 
minated in  the  development  of  the  process. 

Mr.  D.  R.  George,  Dr.  A.  M.  Ross,  and  Dr.  M.  A. 
DeSesa  who  provided  technical  assistance  in  the 
preparation  of  this  paper. 


An  Ion  Exchange  Process  for  the  Recovery 
of  Uranium  from  Carbonate  Leach  Solutions 


By  Jagdish  Shankar,  D.  V.  Bhatnagar  and  T.  K.  S.  Murthy,*  India 


Recovery  of  uranium  from  low  grade  ores  is 
generally  achieved  by  a  leaching  process  which  takes 
advantage  of  the  fact  that  most  of  the  uranium 
minerals  are  soluble  in  both  acid  and  alkaline  solu- 
tions. The  alkaline  leaching  process  employs  sodium 
carbonate  solution  which  extracts  the  uranium  as 
the  uranyl  carbonate  complex  Na4[UO.,(CO3)3]. 
The  commercial  sviccess  of  this  process  depends  on 
an  efficient  method  of  recovering  uranium  completely 
and  economically  from  the  leach  solutions  and  re- 
cycling the  barren  liquors.  The  conventional  method 
of  recovering  uranium  by  precipitation  with  sodium 
hydroxide  was  studied  in  detail  by  Forward  and 
Halpern1  and  Bhatnagar  and  Murthy.-  It  was  found 
that  the  method  worked  well  when  the  uranium 
concentration  in  the  leach  solution  was  of  the  order 
of  2.5  gm/1.  in  the  case  of  more  dilute  solutions 
(e.g.,  leach  solutions  obtained  from  low  grade  ores, 
assaying  about  0.1%  U3O8)  the  recovery  of  uranium 
was  low  and  the  reagent  consumption  high.  In  view 
of  the  relative  simplicity  of  operation  the  caustic 
precipitation  method  has  been  widely  used.  In  order 
to  recover  uranium  from  very  dilute  leach  solutions 
preconcentration  is  necessary  to  bring  the  uranium 
content  up  to  more  than  2.5  gm/1. 

Ion  exchange  resins  are  successfully  employed  for 
the  concentration  and  recovery  of  metals  from  dilute 
solutions.3'4  Uranium  is  present  in  the  carbonate 
solutions  as  the  quadrivalent  complex  ariion  [I/O., 
(COS)3]  =  ^  The  present  investigation  was  under- 
taken to  see  if  an  anionic  exchange  method  could  be 
developed  for  concentrating  uranium  from  dilute 
solutions.  In  what  follows  are  given  the  results  of  a 
study  of  the  adsorption  of  uranium  on  a  strongly 
basic  resin— Amberlite  IKA-400,  and  also  that  of 
other  anions  such  as  vanadate,  phosphate  and  alumi- 
nate  which  are  most  likely  to  occur  in  carbonate  leach 
liquors.  The  preliminary  data  was  collected  using 
solutions  made  from  pure  chemicals  and  the  results 
confirmed  with  leach  solutions  obtained  from  a  low 
grade  uraniferous  ore. 

CAPACITY  OF  THE  RESIN  FOR  COMPLEX  URANYL 
CARBONATE 

A  batch  of  the  commercial  grade  resin  in  the 
chloride  form  was  sieved  and  the  portion  retained 
on  British  Standard  Sieve  60  and  passing  BSS  20 


*  Atomic  Energy  Establishment,  Trombay. 


was  chosen.  About  50  gm  resin  was  thoroughly 
regenerated  by  passing  10%  sodium  chloride  solu- 
tion at  100  ml  per  hour  in  a  column  23  mm  diameter, 
washed  with  distilled  water  till  only  a  trace  of  chloride 
could  be  detected  in  the  effluent  and  back  washed 
with  distilled  water  to  remove  any  fines  still  remain- 
ing. The  resin  was  then  removed  from  the  column, 
air  dried  for  72  hours  and  stored  in  a  stoppered 
bottle.  The  moisture  content  was  determined  by 
drying  a  sample  in  an  oven  at  110°C  for  6  hours. 
The  results  of  all  experiments  described  below  are 
based  on  the  dry  weight  of  the  resin. 

The  conversion  of  the  resin  from  the  chloride 
to  the  nitrate  form  was  used  to  measure  its  capacity 
for  the  Cl~  —>  NOa  exchange.  The  equivalent  of  one 
gram  dry  weight  of  the  resin  chloride  was  eluted 
in  a  small  column  with  10%  sodium  nitrate  solution 
till  the  effluent  showed  no  trace  of  chloride.  The  re- 
leased chloride  determined  by  titration  against 
standard  silver  nitrate  gave  a  capacity  of  3.33  meq. 

While  the  total  capacity  of  the  resin  remained  the 
same  irrespective  of  the  feed  composition,  the  amount 
of  uranium  taken  up  would  be  expected  to  depend 
on  the  concentration  of  other  ions  in  the  feed.  The 
capacity  of  the  resin  for  the  uranium  complex  when 
present  in  sodium  carbonate  solutions  of  different 
concentrations  was,  therefore,  determined  with  the 
help  of  a  series  of  break-through  experiments.  Sodium 
carbonate  solution  of  known  concentration  contain- 
ing uranium  (added  as  uranyl  nitrate)  was  passed 
through  a  column  (0.9  cm  diameter)  containing  1.0 
gm  resin  at  a  rate  of  100  ml  per  hour.  The  passage 
of  the  solution  was  stopped  when  the  concentration 
of  the  metal  in  the  effluent  was  equal  to  that  in  the 
influent.  The  resin  was  then  washed  with  50  ml 
distilled  water,  transferred  quantitatively  into  a 
platinum  dish  and  destroyed  by  ashing.  Uranium 
was  then  determined  in  the  residue.  The  results  ob- 
tained for  the  uranium  uptake  with  varying  con- 
centrations of  sodium  carbonate  are  given  in  Table  I. 

The  lowered  uptake  of  uranium  by  the  resin  with 
increasing  sodium  carbonate  concentration  in  the 
influent  could  be  easily  explained  as  the  exchange 

2R  •  Cl  +  Cp3=  -»  #2C03  +  2C1- 
( Resin  chloride)     ( Resin  carbonate) 

would  be  favoured  to  a  greater  degree  by  increasing 
carbonate  concentration.  Since  total  capacity  of  resin 
is  constant  less  uranium  would  be  taken  up. 
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ADSORPTION    BEHAVIOUR   OF   OTHER  ANIONS 

The  commonly  encountered  impurities  in  carbo- 
nate leach  solutions  are  the  anions  vanadate,  phos- 
phate, aluminatc  and  silicate.  The  adsorption  be- 
haviour of  some  of  these  anions  was  investigated  by 
passing  synthetic  solutions  containing  known  amounts 
of  these  ions. 

Table  I.     Capacity  of  the  Resin  for  Uranium  Com- 
plex—Effect of  Sodium    Carbonate   Concentration. 
Uranium    Concentration    in    the    Influent,    50    mg 
U808/l 


while 


5%    Na2CO3 


Concentration  of  Na^COn  in  the 
influent  (gm/  liter) 

Capacity 
(nifj  U$O%/ym  dry  resin) 

1.0 

274 

2.5 

221 

5.0 

200 

10.0 

191 

30.0 

163 

500 

130 

100.0 

100 

One  gram  column  of  the  resin  was  prepared  and 
through  it  was  passed  a  solution  containing  SO  gm 
Na2CX)a,  500  mg  U3O8,  500  mg  V2O-  and  500  mg 
PgO.  per  liter  at  a  rate  of  100  ml  per  hour.  100  ml 
fractions  of  the  effluent  were  collected.  The  results 
of  analysis  of  each  fraction,  plotted  in  Fig.  1,  show 
that  the  small  amounts  of  vanadium  and  phosphorus 
taken  up  by  the  column  during  the  passage  of  the 
first  100-200  ml  of  solution  were  subsequently  dis- 
placed. 

Aluminium  dissolves  to  a  lesser  extent  in  cold  5% 
Na2CO;j  solution  than  either  vanadate  or  phosphate. 
The  effect  of  aluminium  was  tested  by  passing  a 
solution  containing  50  mg  A12()H  and  50  gm  Na.,CO.{ 
per  liter  through  a  one  gram  column.  500  ml  of  the 
effluent  was  collected  which  on  analysis  showed  that 
all  the  aluminium  passed  out  unadsorbed. 


200 


o  a  4  *  a  10 

FRACTIONS     Or  EFFLUENT    COLLECTED 
(|00  m<) 

Figure  1.  Adsorption  from  a  mixture  of  uranyl  tricarbonate, 
vanadate  and  phosphate 


These  studies  thus  showed  that  uranium 
being  adsorbed  by  the  column  from 
solution  was  simultaneously  freed  from  such  m- 
purities like  vanadium,  phosphorus  and  aluminium. 
It  might,  however,  be  mentioned  that  in  the  absence 
of  excess  carbonate  ions  these  anionic  impurities 
would  be  taken  up  by  the  column  just  like  any  other 
anion. 
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VOLUME   OF    ELUATE 
Figure  2.  Elution   of   uranium   with   sodium   carbonate 

ELUTION  OF  ADSORBED  URANIUM 

Since  uranium  is  adsorbed  on  the  column  as  the 
complex  anion  [UO2(CO3)s]4",  an  acid  eluent  is 
bound  to  liberate  carbon  dioxide  resulting  in  break- 
ing up  of  the  column.  Hence  only  neutral  and  alkaline 
eluting  agents  were  tried.  The  efficiency  of  various 
reagents  was  compared  using  a  number  of  one  gram 
columns  on  each  of  which  was  adsorbed  50  mg 
uranium  as  carbonate  complex.  Elutions  were  carried 
out  with  solutions  of  known  concentration  at  a  speed 
of  50  ml  per  hour.  1  00  ml  fractions  of  the  eluate 
were  collected  and  analysed  for  uranium.5  The  results 
are  shown  in  Figs.  2,  3  and  4.  As  expected  sodium 
carbonate  proved  to  be  inefficient  (Fig.  2)  for 
clution. 

The  behaviour  of  sodium  hydroxide  was  different 
from  that  of  either  sodium  chloride  or  nitrate.  From 
Fig.  3  it  is  seen  that  the  lower  the  concentration  of 
NaOH  the  better  did  it  elute  while  with  all  other 
eluting  agents  tried  the  reverse  was  the  case  (Fig.  4). 
In  one  experiment  the  elution  was  first  carried  out 
with  2M  sodium  hydroxide  till  the  eluate  was  free 
from  uranium  when  it  was  found  that  only  50%  of 
the  uranium  present  in  the  column  was  eluted.  Then 
the  column  was  washed  free  from  alkali  and  2M 
sodium  chloride  was  used  for  eluting  the  uranium 
still  held  up  in  the  column,  but  it  was  found  that 
no  more  uranium  was  eluted  though  it  was  known 
from  other  experiments  (Fig.  4)  that  this  latter 
solution  by  itself  could  elutc  uranium  completely 
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Figure  3.  Elution  of  uranium  with  NaOH 


from  the  column.  However,  on  passing  2N  hydro- 
chloric acid  the  uranium  held  up  was  recovered.  It 
was  also  observed  that  the  eluate  in  case  of  NaOH 
was  turbid  and  on  standing  deposited  uranium  in 
the  form  of  a  precipitate  (most  probably  sodium 
diuranate).  From  these  observations  it  was  possible 
to  explain  the  behaviour  of  sodium  hydroxide  in 
elution.  Sodium  hydroxide  is  known  to  precipitate 
uranium  from  the  complex  carbonate  according  to 
the  equation 

2[U02(C03)3]4-  +  2Na 
Na2U267  +  6C03= 

It  is  thus  clear  that  uranium  was  converted  from 
an  anionic  complex  into  an  insoluble  diuranate  which 
partly  passed  out  in  the  eluate  and  partly  remained 
in  the  resin  bed  itself.  Since  the  more  dilute  solutions 
of  alkali  precipitate  uranium  more  slowly  a  greater 
part  of  it  could  pass  out  in  the  form  of  a  colloidal 
suspension. 

The  behaviour  of  NaCl,  NaNO8  and  Na2SO4  was 
normal  in  that  the  efficiency  of  elution  increased  with 
salt  concentration.  SO4=  ion,  in  spite  of  its  higher 
valency,  was  less  effective  than  either  Cl~  or  NOg- 
when  solutions  of  same  normality  were  compared. 

These  experiments  thus  showed  that  2M  sodium 
chloride  or  nitrate  was  the  best  suited,  all  the  uranium 
being  eluted  with  only  100  ml  of  the  eluent. 

ADSORPTION  AND  CONCENTRATION  OF  URANIUM 
USING  50  GM  RESIN  BEDS 

In  view  of  the  encouraging  results  obtained  in  the 
preliminary  experiments  described  above  a  more 
detailed  study  was  undertaken  using  columns  con- 
taining SO  gm  resin.  However,  in  these  experiments 
the  resin  was  taken  in  the  nitrate  form,  chloride 
being  eliminated  for  reasons  given  later  in  this  report. 
The  general  procedure  given  below  was  used  for 
these  studies. 


The  column  was  prepared  by  converting  resin 
equivalent  to  50  gm  oven  dry  resin  chloride  into  the 
nitrate  form  in  a  tube,  23-mm  diameter,  by  passing 
10%  NaNO8  solution  till  the  effluent  was  free  from 
chloride.  The  column  was  washed  with  distilled  water 
and  the  resin  allowed  to  settle  after  back  washing. 
Synthetic  feed  solution  of  known  composition  was 
then  passed  at  a  rate  of  2  liters  per  hour  (except 
in  those  experiments  where  the  effect  of  flow  rate 
on  the  break-through  point  was  studied)  until  ura- 
nium appeared  in  the  effluent  and  its  concentration 
rose  to  a  predetermined  value.  The  tube  was  then 
rinsed  free  of  excess  uranium  solution  with  distilled 
water  at  2  liters  per  hour  and  the  eluent  was  in- 
troduced at  200  ml  per  hour  till  the  eluate  was 
uranium  free,  followed  by  a  water  rinse  at  500  ml 
per  hour  to  remove  excess  nitrate.  The  column  was 
then  ready  for  a  new  cycle  after  a  back  wash. 

In  a  series  of  experiments  the  following  studies 
were  made:  (A)  the  effect  of  (1)  feed  flood  rate 
and  (2)  feed  composition  on  the  capacity  for  ura- 
nium at  the  break-through  point,  and  (B)  the  re- 
covery and  concentration  of  uranium  in  the  eluate. 
In  all  the  following  experiments  the  break-through 
point  was  taken  at  5%  leakage, 

concentration  of  effluent   vx  .^      pv 

(i.e.,  when X  100  =  5) 

concentration  of  influent 

THE  EFFECT  OF  FEED  FLOW  RATE  ON  THE 
BREAK-THROUGH  CAPACITY 

Figure  5  shows  the  effect  of  feed  flow  rate  on  the 
break  through  capacity  for  uranium.  It  is  seen  that 
the  capacity  diminished  rather  sharply  when  the  flow 
rate  was  increased  beyond  50  ml  per  minute.  There 
was,  however,  very  little  advantage  in  decreasing 
the  flow  rate  below  30  ml  per  minute.  Hence  for 
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Figure   4.    Elution   of    uranium;   eluiing    solutions!   (1)    2.0M    NaClj 

(2)  1.0M  NaCl;  (3)  0.5M  NaCl,  (4)  0.25M  NoCI,  (5)  l.OM  NaNO« 

(6)  0.5M  NaNOo;  (7)  0.5M  Na2SO<;  (8)  0.35M  Na8SO* 
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COLUMN;  e-s  x  ee  cm. 

FEED    SOLUTION  :  50CJ     NaaCOj/<. 
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Figure  5.  Effect  of  feed  rate  on  break-through  capacity 
for   uranium 

all  further  work  a  flow  rate  of  33  ml  per  minute  or 
approximately  2  liters  per  hour  was  used. 

EFFECT  OF  FEED  COMPOSITION  ON  THE 
BREAK-THROUGH  CAPACITY 

The  effect  of  the  variation  of  sodium  carbonate 
concentration  was  first  studied.  In  the  preliminary 
experiments  it  was  found  that  the  uranium  uptake 
at  equilibrium  depended  on  the  sodium  carbonate 
concentration  in  the  influent.  In  the  operation  of  a 
column,  however,  the  break-through  capacity  and 
not  the  saturation  capacity  is  important.  Feed  solu- 
tions containing  500  mg  UaOg  per  liter  (added  as 
uranyl  nitrate)  and  varying  amounts  of  Na2CO3 
were  passed  through  SO  gm  resin  beds  at  a  rate  of  2 
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Figure    6.    Effect    of    NasCOs    cone,    in    feed    on    break-through 

capacity  for  uranium;  feed  flow  rate:  33  ml/min;  feed:  500  mg 

U.O./I 


liters  per  hour.  500-ml  fractions  of  the  effluent  were 
collected  and  analysed  for  uranium.  The  amount  of 
uranium  taken  up  by  the  column  when  5%  leakage 
occurred  was  determined  in  each  run.  The  results 
are  shown  in  Fig.  6  from  which  it  can  be  seen  that 
the  capacity  decreased  with  increasing  Na2COs  con- 
centration. This  point  is  of  significance  since  the 
concentration  of  sodium  carbonate  employed  for 
leaching  varies  from  ore  to  *ore  (3-10%  solutions 
are  generally  used). 
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Figure  7.  Effect  of  uranium  cone,  in  feed  on 
break-through  capacity 

VARIATION  OF  URANIUM  CONCENTRATION 

Since  the  concentration  of  uranium  in  the  leach 
solutions  can  vary  within  wide  limits  depending  on 
the  grade  of  the  ore  treated,  several  experiments  were 
done  to  find  out  the  break-through  capacity  using 
feed  solutions  of  different  uranium  concentrations. 
Figure  7  shows  that  the  capacity  decreased  with 
decreasing  uranium  concentration  indicating  that  a 
bigger  column  would  be  required  to  recover  the 
same  amount  of  uranium  from  a  dilute  solution  than 
from  a  more  concentrated  one. 

RECOVERY  OF  URANIUM  FROM  THE  RESIN  BED 

From  the  results  of  the  preliminary  experiments  it 
can  be  seen  that  NaCl  or  NaNO8  in  1-2  molar 
solutions  are  effective  eluting  agents.  It  might,  how- 
ever, be  mentioned  that  a  dilute  solution  of  NaOH 
(e.g.,  0.25M)  was  also  quite  effective;  but  there  is 
an  inherent  danger  of  part  of  the  uranium  being 
precipitated  in  the  bed  itself  especially  during  the 
operation  of  bigger  columns.  Sodium  nitrate  was, 
however,  preferred  since  the  final  recovery  and  puri- 
fication of  uranium  from  the  concentrated  eluates 
was  proposed  to  be  done  by  solvent  extraction  of 
uranyl  nitrate  where  the  presence  of  Cl  ions  is 
undesirable. 

In  a  number  of  column  runs  during  the  course  of 
this  investigation  attempts  were  made  to  recover  ura- 


68 


VOL  VIII 


P/871 


INDIA 


J.  SHANKAR  ef  a/. 


0« 

X 


| 


lU 

I 

C 


ION  EXCHANGE 
COLUMN 


•  r 
l! 

.-"LI 


o 


y 

UL 

i 

.j 
O 


Id 


§ 


1 


a  x 

III   lu 


EXTRACTION 
COLUMN 


ZttJ 


IU 

I- 
LU 


STRIPPING 
COLUMN 


J*> 


Figure  8.   Proposed  flow  diagram  for  uranium  extraction 
from  low  grade  ore 
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nium  with  sodium  nitrate  and  it  was  observed  that 
while  the  recovery  was  on  the  whole  satisfactory  a 
small  fraction  (1-4%)  of  the  adsorbed  uranium  was 
held  up  by  the  column.  In  an  attempt  to  reduce  this 
"hold  back"  it  was  found  that  the  addition  of  a  small 
quantity  of  sodium  carbonate  to  the  eluent  was  very 
effective  for  this  purpose  (Table  II). 

Table  II.     Elution  of  Uranium  with  Sodium  Nitrate. 

Bed  2.3  X  22  cm,  eluent  volume  500  ml, 

rate  3.3  ml/minute 


Adsorbed 
Run  uranium 
no.  gm 


ILluant 


Per  cent 
eluted 


1  6.7  1.0Jl/NaNO8  96.4 

2  6.0  LSJl/NaNCX,  '    98.3 

3  4.2  2.0/l/NaNOJ,  99.0 

4  3.6  1.0  M  NaXO*.{  containing  5  gm  Na0CO8/l  99.7 

5  0.0  1.5  -l/NaNO'j,  containing  5  K«I  Na^CCX,/!  W.8 
0  4.2  2.0  .17  NaNOg  containing  5  gm  Na2COj,/l  99.8 

RECOVERY  OF  URANIUM  FROM  CARBONATE 
LEACH    LIQUOR 

A  low  grade  ore  assaying  about  0.1%  U3O8  on 
leaching  with  hot  5%  soda  ash  solution  gave  a  leach 
liquor  containing  0.47  gm  U3O8  per  liter.  This  solu- 
tion containing  vanadium,  phosphate  and  sonic  or- 
ganic matter  was  treated  with  activated  charcoal  to 
remove  the  organic  matter  and  filtered.  This  was 
necessary  since  it  was  found  that  the  organic  matter 
was  also  taken  up  by  the  column  and  reduced  its 
capacity  for  uranium.  During  the  elution  step  this 
impurity  was  eluted  along  with  uranium  and  con- 
tinued to  be  eluted  long  after  all  the  uranium  had 
passed  out.  The  clear  pregnant  solution  was  passed 
through  a  50  gm  resin  column  till  the  break-through 
point  was  reached,  details  of  operation  being  the 
same  as  for  synthetic  solutions. 

l.OAl  sodium  nitrate  solution  containing  5  gm 
of  sodium  carbonate  per  liter  was  used  for  eluting  out 
the  uranium.  The  eluent  was  passed  at  a  rate  of  3.3 
ml/minute  and  was  collected  in  50  ml  fractions.  The 
fractions  were  analysed  for  their  uranium  contents. 
The  results  of  a  typical  elution  test  are  shown  in 
Table  III. 

Table  III.    Concentration  of  Uranium  in   the  Eluate. 
Uranium   Adsorbed   on   the   Resin    Bed  =  3.92   gm 


Per  cent 

Eluate  fraction  Uranium  concentration   uranium 

no.  gm  U^O^/  liter  eluted 


1 

Nil 

0 

2 

Nil 

0 

3-5 

(Average)  26.0 

99.8 

6-10 

(Average)    0.048 

0.18 

The  results  thus  showed  that  99.8  per  cent  of  the 
adsorbed  uranium  could  be  eluted  in  the  form  of  a 
solution  containing  26  gm  UaOs/liter  (i.e.,  55.5 
times  the  uranium  concentration  in  leach  solution). 
While  this  represents  the  average  concentration  it 
was  found  that  uranium  in  some  fractions  was  as 
high  as  65  gm/liter. 


RECOVERY  AND  PURIFICATION  OF  URANIUM 
FROM  THE  ELUATE 

Preliminary  experiments  showed  that  after  acidify- 
ing and  concentrating  the  eluate  till  sodium  nitrate 
started  crystallizing  out,  it  was  possible  to  separate 
most  of  the  uranium  in  a  pure  form  by  extraction 
with  diethyl  ether.  The  raffinate  after  dilution  and 
addition  of  requisite  amount  of  Na^COa  could  be 
recycled  for  eluting  uranium,  thus  economising  on 
the  use  of  NaNO3. 

The  conventional  sodium  hydroxide  method  of 
precipitation  could  also  be  employed  without  any 
difficulty  for  recovering  uranium  from  the  eluate 
obtained  above.  The  method  described  in  this  paper 
has  the  advantage  of  simultaneously  purifying  ura- 
nium and  of  utilising  the  sodium  nitrate  contained  in 
the  eluate  as  a  salting-out  agent.  On  the  basis  of  the 
work  described  in  this  investigation  a  flow  sheet 
(Fig.  8),  for  the  recovery  of  uranium  from  carbo- 
nate leach  liquors,  is  suggested.  Pilot  plant  work,  on 
the  carbonate  leaching  of  uranium  from  low  grade 
ores  or  concentrates,  as  well  as  on  its  recovery  by 
ion-exchange  process  from  pregnant  leach  liquors, 
would  be  necessary  before  any  assessment  of  the 
economics  of  the  process  could  be  made.  It  is,  how- 
ever, felt  that  no  serious  difficulty  would  be  exper- 
ienced in  enlarging  the  scale  of  the  process. 

SUMMARY 

An  ion  exchange  process  for  the  recovery  and  con- 
centration of  uranium  from  dilute  solutions  con- 
taining free  sodium  carbonate  is  described.  Strongly 
basic  resin,  Amberlite  1RA-400,  was  used  for  these 
studies.  It  was  found  that  the  uranium  uptake  de- 
pends on  the  feed  composition.  l.OAf  sodium  nitrate 
solution  containing  sodium  carbonate  was  used  for 
eluting  the  uranium  from  the  resin  bed  and  the  con- 
centration of  uranium  in  the  eluate  was  of  the  order 
of  25  gm/Hter. 

During  the  adsorption  of  uranium  from  a  5% 
NaoCOa  solution  it  was  found  that  certain  anions 
like  vanadate,  phosphate,  aluminate  etc.,  which  are 
likely  to  be  present  in  the  plant  leach  liquors,  pass 
out  in  the  effluent.  The  recovery  and  purification  of 
uranium  from  nitrate  eluate  could  be  achieved  by 
ether  extraction  of  uranyl  nitrate. 

The  advantages  of  this  method  of  recovering  ura- 
nium are: 

1.  The  effluent  from  the  process  can  be  recycled 
for  contacting  fresh  ore. 

2.  In  the  adsorption  stage  uranium  is  freed  from 
impurities  like  phosphate,  vanadate,  etc. 

3.  Sodium   nitrate  used   for  elution   serves  as  a 
salting-out  agent  in  solvent  extraction  process  and 
the  raffinate,  after  adjusting  the  composition,  can  be 
used  for  a  second  elution. 
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Solvent  Extraction  of  Uranium  from  Acid  Leach 
Slurries  and  Solutions 


By  Robert  R.  Grinstead,  K.  Glenn  Shaw,  and  Ray  S.  Long/  USA 


Although  the  domestic  uranium  industry  had  its 
beginning  many  years  ago,  milling  of  uranium  ore  has 
always  been  accomplished  by  one  of  two  hydrometal- 
lurgical  methods.  These  are  the  acid  leach  and  the 
carbonate  leach  processes,  both  of  which  include 
chemical  precipitation  from  the  leach  solutions.  Al- 
though the  industry  has  been  expanding  rapidly  since 
World  War  II,  the  nature  of  the  known  ore  bodies 
is  such  that  the  same  general  methods  are  still  re- 
quired for  dissolving  uranium  from  the  ore.  However, 
several  methods  have  been  developed  for  treating 
the  clarified  leach  liquors;  these  methods  include 
improved  precipitation  processes  and  columnar  ion 
exchange. 

In  view  of  the  difficulties  encountered  with  settling 
and  filtration,  the  advantages  to  be  gained  by  treating 
the  leach  pulp  directly  are  obvious.  Workers  at  the 
US  AEC  Raw  Materials  Laboratory!  have  approach- 
ed this  problem  by  using  large  bead  ion  exchange 
resins  enclosed  in  a  mesh  cage.  This  process  is  in  the 
pilot  stage  and  is  said  to  operate  effectively.  As  a 
result  of  previous  work  done  at  the  Dow  laboratory 
on  the  solvent  extraction  of  uranium  from  phosphoric 
acid,  it  was  felt  that  the  application  of  solvent  extrac- 
tion methods  to  the  treatment  of  acid  leach  slurries 
would  offer  a  fairly  simple  and  economical  solution 
to  the  problem.  Such  a  process  has  been  developed. 
Although  it  is  applicable  to  a  variety  of  uranium- 
bearing  solutions,  only  the  application  to  acid  leaches 
of  Colorado  Plateau  ores  will  be  described  in  this 
paper.  The  process  is  being  studied  in  a  pilot  plant 
located  at  the  US  Bureau  of  Mines  Experiment  Sta- 
tion in  Salt  Lake  City,  Utah,  and  operated  jointly 
by  personnel  of  that  Station  and  of  this  laboratory. 

PROCESS  DESCRIPTION 

A  block  diagram  of  the  process  is  shown  in  Fig.  1. 
Operation  is  on  a  continuous  basis  up  to  the  final 
precipitation.  The  crushing,  grinding,  and  acid  leach- 
ing circuit  is  conventional,  the  details  depending 
upon  the  type  of  ore  to  be  processed.  The  reduction 
step  is  optional  and  involves  the  addition  of  H2S  or 
other  reducing  agents  to  reduce  ferric  iron.  Its  in- 


*The  Dow  Chemical  Company,  Pittsburg,  California. 

t  Located  at  Winchester,  Massachusetts,  and  operated  by 
the  National  Lead  Company  (formerly  operated  by  the 
American  Cyanamid  Company). 


elusion  in  the  flow  sheet  depends  upon  a  number  of 
factors,  the  chief  one  being  the  relative  amounts  of 
ferric  iron  and  uranium  present. 

The  extractant  currently  in  use  is  a  O.IM  solu- 
tion of  mono-  ( 1-  (2-methylpropyl)  -3,5-dimethyl- 
hexyl)  phosphate  in  kerosene  (prepared  from  2,  6,  8- 
trimethyl-4-nonanol)4  This  compound  is  also  refer- 
red to  as  dodecyl  phosphoric  acid,  or  simply  DDPA. 
From  two  to  four  stages  of  extraction  are  used,  and 
recoveries  of  99%  or  more  of  the  uranium  are  ob- 
tained. The  flow  ratios  are  adjusted  to  produce  an 
organic  phase  containing  6-8  grams  UsOs/Hter. 

The  uranium  is  stripped  from  the  organic  phase 
with  10M  IIC1.  Although  the  equilibrium  in  the 
HC1  system  is  very  favorable,  it  is  only  slowly 
achieved.  In  spite  of  this,  the  use  of  three  or  four 
stripping  stages  will  give  tenfold  concentrations  from 
organic  to  HC1.  Most  of  the  HC1  is  recovered  for 
further  use  by  evaporation,  and  a  final  solution  con- 
taining several  hundred  grams  UaOg/Hter  is  obtained. 
A  concentrate  is  obtained  from  this  solution  by  the 
conventional  alkaline  precipitation. 

CHEMISTRY  OF  THE  PROCESS 
Leaching 

This  step  has  received  little  attention  in  this 
laboratory,  but  has  been  thoroughly  studied  by  the 
workers  at  the  US  Bureau  of  Mines.  Almost  without 
exception  acid  leaches  are  made  with  H2SO4,  in  the 
presence  of  an  oxidizing  agent  where  needed,  and  the 
final  solutions  and  slurries  exhibit  pH's  in  the  range 
0.5  to  1.5.  Slurry  densities  during  leaching  range 
from  40%  to  60%  solids  by  weight.  Originally  it 
had  been  expected  that  the  process  would  be  applied 
to  filtered  solutions  and  desanded  slurries.  Both  the 
filtering  and  the  desanding  operations  involve  some 
dilution  with  water  so  that  the  final  solution  concen- 
trations are  more  dilute  than  in  the  leach  pulp.  To 
simplify  the  work,  filtered  solutions  were  used  in  the 
laboratory,  and  the  range  of  composition  of  these 
solutions  is  shown  in  table  on  following  page. 

Desanded  slurries  were  studied  later  in  a  counter- 
current  extractor.  It  has  since  been  shown  in  the  pilot 
plant  that  direct  extraction  of  the  leach  pulp  is  pos- 
sible ;  in  this  case,  the  solution  concentrations  may  be 
up  to  four  times  those  in  the  table. 


$  Carbide  and  Carbon  Chemicals  Corporation. 
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Speties 

Cone.,  gmll 

chiometric  amount  of  the  appropriate   alcohol 

to  a 

Us08 

V  O 

0.7-1.7 

1     C 

slurry  of  PoO5  in  kerosene  or  other  inert  diluent. 

V2U5 

Fe 

L—J 

2-5 

The  principle  reaction  is  helieved  to  be 

Al 

3-6 

0        O 

S04= 

40-80 

t         f 

P04- 

0.2-1.4 

2/eoH  +  paoB  ->  M  )-P-O-P-O# 

(3) 

Ti 

0.01-0.1 

1       | 

Mo 

<0.02 

OH    OH 

0.7-1.2 

Uranium  and  vanadium  are  nearly  always  present 
as  the  (VI)  and  the  (TV)  species,  respectively,  and 
iron  occurs  as  a  mixture  of  the  (II)  and  (III) 
states.  When  reduction  of  iron  is  desired  in  order  to 
prevent  its  extraction,  commercial  50%  NaHS  solu- 
tion and  NaoSoOa  are  satisfactory  reagents. 


H20    NH3 


Rtaate 


Slurry 

Stream 

Figure  1.  Block  diagram  of  extraction  process 

Extraction  Step 

The  compounds  used  as  extractants  were  mono- 
and  dialkyl-esters  of  phosphoric  acid.  Extraction 
evidently  occurs  according  to  reactions  of  the  type: 


4  2H  +  (2) 


2A>211P04 


The  only  dialkyl  ester  studied,  diisooctyl  phos- 
phate§  was  quite  insoluble  in  water  hut  was  precipi- 
tated hy  aluminum  and  could  not  be  used.  However, 
more  recent  work  by  the  Raw  Materials  Section  of 
Oak  Ridge  National  Laboratory  has  shown  that 
other  dialkyl  esters  are  free  of  this  difficulty,  and 
several  of  these  compounds  appear  to  be  very  prom- 
ising extractants. 

Monooctyl  esters  were  too  soluble  in  water,  and 
esters  containing  longer-chain  alkyl  groups  such  as 
stearyl,  cetyl  and  laitryl,  gave  formidable  emulsions 
when  contacted  with  aqueous  systems.  It  was  found 
however,  that  monoesters  of  long-chain  alcohols  con- 
taining the  OH  group  near  the  center  of  the  chain 
showed  little  tendency  to  emulsify  and  were  fairly 
insoluble  in  water.  In  addition,  the  rate  at  which 
aluminum  was  extracted  by  the  higher  esters  was 
much  less  than  that  with  the  octyl  esters. 

All  of  the  monoalkyl  phosphates  were  prepared 
in  the  laboratory  by  adding  an  approximately  stoi- 

$  Victor  Chemical  Company. 


The  resulting  clear  solution  was  refluxed  for  about 
one  hour  with  IN  HC1  to  hydrolyze  the  pyrophos- 
phate  ester  to  orthophosphates.  A  yield  of  about  7Q% 
of  the  monoester  was  usually  obtained.  A  series  of 
these  esters,  prepared  as  0.5  M  xylene  solutions, 
was  compared  on  a  number  of  points. 

Extraction  of  uranium (VI),  vanadium (IV),  iron 
( 11 ) ,  and  aluminum  ions  by  the  esters  and  tendencies 
toward  emulsification  were  compared  by  contacting 
them  with  samples  of  a  leach  solution.  Losses  of 
esters  to  aqueous  phases  were  examined  by  contact 
with  aqueous  sulfate  solutions  of  pH  1.2.  These  re- 
sults are  given  in  Table  T. 

There  is  a  marked  decrease  in  loss  of  ester  to  the 
aqueous  phase  with  increasing  chain  length.  Low 
emulsifying  tendencies  seem  to  be  more  the  result 
of  the  branching  in  the  chain  than  of  the  chain  length. 
Uranium  and  vanadium  distribution  ratios  appear 
to  increase  generally  with  chain  length ;  those  for 
ferrous  iron  show  no  very  clear  trend,  and  those  for 
aluminum  appear  to  decrease.  Actually,  the  trends 
are  mainly  a  result  of  the  fact  that  the  rate  of  ex- 
traction of  aluminum  is  slower  than  that  for  uranium 
and,  in  addition,  decreases  greatly  as  the  alkyl  chain 
length  increases.  The  data  in  the  table  were  obtained 
for  a  one-minute  contact,  at  which  time  the  octyl 
ester  systems  are  close  to  equilibrium.  However,  the 
longer-chain  ester  systems  require  two  or  three 
hours  to  achieve  equilibrium  with  respect  to  alu- 
minum. With  a  one-minute  contact,  therefore,  rela- 
tively little  interference  due  to  extraction  of  alumi- 
num is  observed. 

The  equilibrium  distribution  ratio  for  aluminum 
actually  does  decrease  as  the  alkyl  chain  length  in- 
creases, but  the  spread  is  only  about  a  factor  of  two 
at  equilibrium  instead  of  the  fortyfold  difference 
shown  in  the  table.  As  a  result  of  this  slow  alumi- 
num extraction  the  distribution  ratios  for  uranium 
will  drop  somewhat  with  continued  contact,  although 
the  drop  is  not  serious.  In  Fig.  2  is  shown  the 
distribution  ratio  for  uranium  as  a  function  of  time 
in  two  experiments  involving  solutions  of  uranyl 
sulfate,  sodium  sulfate,  sulfuric  acid  and  aluminum 
sulfate  in  contact  with  0.1M  DDPA.  With  aluminum 
absent,  extraction  of  uranium  was  rapid.  With  an 
initial  aqueous  concentration  of  6.7  grams  Al/liter, 
the  initial  uranium  extraction  was  rapid  but  not  as 
complete,  and  the  distribution  ratio  gradually  fell  to 
a  value  of  about  200  after  four  hours.  The  final 
organic  and  aqueous  concentrations  of  uranium  were 
about  1  gram  U3()8/liter  and  5  mg  UaO8/liter,  re- 
spectively, indicating  a  point  on  the  distribution 
curve  close  to  the  origin. 
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O.iMDDPA     - 
O  No  Al  in  aqucoui 
6.  7  grams  Al/1 
in  aqueous    __ 


0.  1  M  DDPA 
Synthetic,  pH  1.6    _ 

O  Synthetic,  pH  1.0 
Q  Leach,  pH  1.0 


1UU  JUU 

Contact  Time,  Minutes 
Figure  2.  Effect  of  Al  on  extraction  of  uranium 


In  Fig.  3  are  presented  three  distribution  curves 
for  uranium  in  similar  systems.  It  is  evident  that  the 
distribution  ratio  increases  with  increasing  pH.  The 
deleterious  effect  of  the  aluminum,  even  at  one  min- 
ute contact  time,  is  also  evident.  However,  the  con- 
centration of  aluminum  in  the  organic  is  not  high, 
and  contamination  of  the  uranium  product  is  not 
serious.  In  the  experiment  shown  in  Fig.  2  the  alu- 
minum content  of  the  organic  was  only  0.7  gram 
Al/liter  after  two  hours. 

Ferric  iron  is  extensively  extracted,  and  exhibits 
a  distribution  ratio  of  the  same  order  of  magnitude 
as  that  of  uranium.  When  the  amount  of  iron  is  not 
sufficient  to  reduce  seriously  the  capacity  of  the 
extractant  for  uranium,  reduction  to  the  ferrous 
state  is  not  required.  However,  since  the  distribution 
ratios  for  uranium  and  iron  are  comparable,  the 
extraction  of  one  is  greatly  influenced  by  the  presence 
of  the  other,  and  it  is  not  possible  to  obtain  a  simple 
answer  as  to  how  much  ferric  iron  can  be  tolerated. 
Although  vanadium  and  ferrous  iron  are  not  strongly 
extracted,  the  situation  is  similar.  The  levels  of  these 
species  in  the  organic  phase  will  depend  upon  how 


1)303  in  Aqueous,  g/1 
Figure  3.  Uranium   distribution   ratios 

nearly  the  extractant  is  saturated  with  the  more 
strongly  extracted  species.  This  problem  has  been 
most  easily  studied  in  a  laboratory-size,  continuous, 
countercurrent  extractor  where  plant  conditions  are 
closely  simulated. 

Such  a  unit  was  built  and  operated  in  the  labo- 
ratory. Three  or  four  extraction  stages  were  used 
and  the  same  number  of  stripping  stages.  The  opera- 
ting range  of  the  unit  was  20-30  ml  leach  solution 
per  minute.  Data  obtained  from  six  runs  arc  shown 
in  Table  II. 

In  all  of  these  runs  at  least  95%  recovery  of  ura- 
nium was  obtained.  Essentially  complete  removal  of 
the  uranium,  vanadium,  and  iron  from  the  organic 
was  achieved  with  10M  11C1  strip.  It  can  be  seen 
that  the  extraction  of  vanadium  is  favored  not  only 
by  high  pH  values,  but  also  by  low  flow  ratios, 
which  leave  more  extractant  available  for  the  vana- 
dium. 

Stripping  of  Uranium   from  Organic   Phase 

According  to  the  equation  for  uranium  extraction, 
any  strong  acid  should  tend  to  reverse  the  equilibrium 


Table  I 


Alcohol 

Distribution  loss 

I'hase  separation 

Distribution  ratio*,  K»/  «, 
with  USBM-2 
contat  t  time  «•  one  min 

used  in 

to  aqueous  phase. 

time  with 

preparation 

grams  ester/liter 

VSHM-2,  se( 

UAt 

W)* 

Al 

M") 

w-octanol 

1.0 

>  24  hours 

_ 

2-octanol 

1.4 

100  sec 

250 

2.3 

— 

0.05 

2-ethyl  hexanol 

3.0 

105  sec 

230 

2.1 

1.6 

0.10 

3,  3,  5-trimethyl 

1.6 

25  sec 

230 

1.7 

0.90 

0.12 

cyclohcxanol 

2,  6-dimethyl-4- 

1.1 

25  sec 

570 

1.5 

1.1 

0.10 

heptanol 

dodccanolt 

0.10 

25  sec 

520 

5.5 

0.17 

0.06 

2-butyloctanol 

0.065 

80  sec 

740 

2.8 

0.43 

0.09 

tetrad  ecanott 

0.05 

30  sec 

1420 

5.6 

0.12 

0.05 

heptadecanolS 

0.003 

40  sec 

800 

18.6 

0.04 

0.04 

*  A'0/(l  =  Concentration  in  organic/concen- 
tration in  aqueous.  U  values  measured  at 
aqueous :  organic  ratio  of  5 :1  and  others  at  1 :1. 


1 2,  6,  8,  -trimethyl-4-nonanol. 
j  2-methyl,  7-ethyl-4-undecanol. 
§  3,  9-diethyl-6-tridecanol. 
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0.  1  M  Nonyl 

Phosphoric  Acid 
2  Minutejs  Coitact 


in  Organic,  g/1 

Figure  4.  Mineral  acids  for  uranium  stripping 

and  be  a  potential  stripping  reagent.  Mineral  acids, 
therefore,  have  been  the  usual  stripping  agents  em- 
ployed for  the  monoalkyl  phosphates.  Carbonate  and 
other  bases  are  not  satisfactory  because  of  both  the 
solubility  of  the  disodium  alkyl  phosphate  in  the 
basic  solution  and  the  insolubility  of  the  salt  in  kero- 
sene. In  Fig.  4  various  concentrations  of  mineral 
acids  are  compared  as  stripping  agents  for  mono- 
[  1  ( 2-methy  Ipropy  1 )  -3-methylbutyl]  phosphate  (  no- 
nyl  phosphoric  acid,  or  NPA).  The  most  effective 
acids  are  those  which  complex  uranyl  ion  and  thereby 
shift  the  equilibrium  toward  the  aqueous  phase.  The 
contact  time  of  two  minutes  used  here  is  not  sufficient 
to  achieve  equilibrium,  but  for  a  given  contact  time 
the  actual  effectiveness  of  the  various  solutions  would 
be  expected  to  be  in  the  order  shown. 

Because  of  the  relative  ease  of  recovering  excess 
HC1  by  evaporation  for  recycle,  coupled  with  reason- 
able cost  and  favorable  distribution  ratios,  this  acid 
has  been  used  almost  exclusively.  The  optimum  con- 
centration of  HC1  was  found  to  be  about  10M.  Al- 
though distribution  ratios  are  higher  with  more 
concentrated  HC1,  hydrolysis  rates  of  the  esters, 
which  are  negligible  when  in  contact  with  IOM 
HC1,  increase  rather  rapidly  above  this  point. 

The  rate  at  which  uranium  is  stripped  into  HC1 
is  slow.  This  is  illustrated  by  Fig.  5,  where  distribu- 
tion curves  are  plotted  with  time  as  a  parameter. 
Vanadium,  both  ferrous  and  ferric  iron,  and  molyb- 
denum are  rapidly  stripped  from  the  extractant. 
Aluminum  is  stripped  slowly,  but  sufficiently  to  pre- 
vent excessive  build-up.  Titanium  is  not  stripped, 
but  can  be  removed  with  5%  HF  or  an  equivalent 
molar  concentration  of  NH^F. 

Recovery  of  Uranium  from  Strip  Solutions 

Little  difficulty  is  encountered  in  obtaining  a  high- 
grade  concentrate  from  the  HC1  solution.  In  actual 
operation  it  has  been  found  that  a  fairly  good  balance 
between  evaporation  cost  and  HC1  loss  is  struck  if 
the  solution  is  evaporated  to  a  uranium  concentra- 
tion of  about  500  grams  U3O8/liter.  This  solution  is 
diluted  with  water  and  neutralized  with  ammonia. 
The  precipitated  uranium  is  filtered,  washed  free  of 


chloride,  dried,  and  calcined.  In  the  presence  of 
molybdenum,  a  NaOH  wash  may  be  required  to 
produce  a  specification-grade  concentrate. 

SLURRY   EXTRACTION   EQUIPMENT 

The  process  has  been  successfully  operated  for 
extracting  uranium  from  clarified  liquors  and  acid 
leach  slurries  of  a  variety  of  Colorado  Plateau  ores. 
The  slurries  treated  ranged  from  desanded  pulps 
containing  five  per  cent  solids  to  high-density  slur- 
ries of  sixty  per  cent  solids.  The  extractant  used  in 
all  of  these  studies  was  a  0.1M  solution  of  mono- 
[l-2-methylpropyl)-3,5-dimethylhexyl]  phosphate  in- 
kerosene.  The  types  of  slurry  feeds  and  the  ex- 
traction equipment  were  compared  on  the  basis  of 
uranium  recovered  and  the  amount  of  organic 
mechanically  entrained  in  the  slurry  phase. 

Three  different  types  of  extraction  equipment  were 
used  to  process  this  range  of  slurry  feeds,  but  the 
principles  of  contacting  and  settling  remained  the 
same.  The  extraction  system  was  comprised  of  a 
number  of  stages.  Each  stage  consisted  of  a  mixing 
device  and  a  settling  chamber.  The  mixing  device 
forced  intimate  contact  of  the  two  immiscible  phases, 
permitting  mass  transfer  of  the  uranium  from  the 
slurry  phase  to  the  organic.  In  order  to  prevent 
emulsification  of  the  two  phases,  it  was  mandatory 
to  maintain  the  organic  phase  continuous  while  mix- 
ing, i.e.,  to  disperse  the  droplets  of  slurry  within  the 
organic  phase.  This  condition  was  maintained,  even 
though  the  slurry  flow  rate  exceeded  that  of  the 
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Figure  5.  Effect  of  time  in   strip 
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organic,  by  returning  the  bulk  of  the  contacted  organic 
from  the  settler  to  the  mixer.  Gravity  separation  of 
the  two  phases  followed  the  mixing  step.  A  distinct 
interface  marked  the  boundary  between  the  lighter 
organic  phase  on  top  and  the  heavier  slurry  phase  on 
the  bottom. 

Description  of  the  Equipment 

Three  extraction  devices  were  found  most  success- 
ful in  contacting  the  acid  slurries  and  the  organic 
extractant.  These  were  the  conventional  mixer- 
settler,  the  pump-mixer,  and  the  internal  mixer-settler. 

The  conventional  mixer-settler  is  shown  in  Fig. 
6.  The  mixer  was  a  baffled  tank  agitated  by  a  motor- 
driven  turbine  impeller.  The  settler  was  a  quiescent 
tank  of  similar  size.  The  mixed  phases  flowed  to  the 
settler  through  the  lower  transfer  line  and  the  recycle 
organic  was  returned  to  the  mixer  through  the  upper 
transfer  line.  The  contacted  aqueous  then  flowed  by 
gravity  through  the  external  overflow  leg.  The 
solvent  phase  overflowed  through  an  opening  near  the 
top  of  the  settler.  The  mixer-settler  stages  were  ar- 
ranged in  a  cascade  permitting  gravity  interstage 
flow  of  one  phase,  but  necessitating  interstage  pumps 
for  transfer  of  the  other. 

The  pump-mix  extractor  was  a  modification  of 
the  mixer-settler.  An  external  centrifugal  pump  was 
substituted  for  the  baffled  mixing  tank.  This  device 
is  shown  in  Fig.  7.  The  slurry  and  organic  were  fed 
into  the  pump  with  the  recycle  organic  stream.  After 
providing  residence  time  of  a  few  seconds,  the  mix- 
ture was  pumped  into  the  settling  tank.  Phase  separa- 
tion occurred  at  the  interface  in  the  lower  section  of 
the  settler.  The  aqueous  and  organic  phases  flowed 
by  gravity  to  the  next  stages.  This  system  required 
no  interstage  pumps  other  than  the  mixing  pumps. 
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Figure  6.  Mixer-settler 
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Figure  7.   Pomp-mixer 


The  internal  mixer-settler  was  a  contactor  which 
combined  the  mixer  and  settler  in  one  tank.  This  de- 
vice is  shown  in  Fig.  8.  A  shrouded  turbine  impeller 
was  located  in  the  lighter,  organic  phase.  The  slurry 
and  organic  were  fed  to  this  impeller  through  a  well 
surrounding  the  shaft.  Recycle  organic  was  drawn 
into  the  mixing  blade  from  above  and  below,  thereby 
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Figure  8.  Internal    mixer-settler 
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Table  II.    Extractant:  0.1M  DDPA-Kerosene.  Fe+  +  +  Completely  Reduced  in  all  Runs 


Cone,  of  spfdfs,  gm/l 

Flow 
Ratio 
Aq.'.Org. 

Weiftht  ratio  in  product 

Volution 

/>// 

LV), 

r*)* 

/•> 

At 

U«H           IV). 

*' 

Lukaehukai 

1.0 

1.2 

3.4 

3.4 

4.7 

5:1 

100           6.2          0.9* 

(USBM-2) 

Temple 

1.3 

1.2 

4.0 

5.6 

5.7 

5:1 

100 

20 

1.4 

mountain 

Vitro 

1.2 

1.4 

1.4 

2.1 

3.5 

4:1 

100 

4.3 

1.4 

Slick  rock 

1.0] 

(  100 

4.2 

1.9 

Slick  rock 

1.3 

0.7 

4.6 

1.9 

4.5 

6:1 

\  100 

11.7 

0.9 

Slick  rock 

1.6 

[  100 

11.0 

1.7 

*U308:Al  =  100:1.6. 


Table 


Feed 


Entrain  mr  nt* 


Clear  liquor 

Mixer-settler 

4 

99 

Nil 

Pump-mixer 

1 

95 

Nil 

Internal  mixer-settler 

— 

— 

— 

Desandecl  slurries 

Mixer-settler 

1 

96-97 

1   3% 

5-15%  solids 

Pump-mixer 

1 

98 

2% 

Internal  mixer-settler 

1 

98 

0.6% 

High  density  slurries 

Mixer-settler 

_ 

— 

_ 

48  60%  solids 

Pump-mixer 

1 

95 

10-12%, 

2 

98-99 

10-18%, 

Internal  mixer-settler 

1 

86t 

1-4 

2 

89-95t 

2-4 

4 

97 

5-7 

*Entrainment  =  Vol.  of  solvent  in  raftinate/Vol.  of  raffinate.     tOxidized  solutions. 


maintaining  the  organic  phase  continuous.  Separation 
of  the  phases  occurred  at  the  interface  located  well 
below  the  impeller.  The  stages  were  arranged  in  a 
cascade  with  interstage  flow  of  the  organic  by  gravity, 
and  transfer  of  the  slurry  by  pumps. 

Performance  of  the  Equipment 

Performance  of  these  extractors  in  the  pilot  plant 
depended  on  the  type  of  feed.  Operation  was  begun 
using  clarified  liquors  and  conventional  mixer-settlers. 
Following  this,  runs  were  made  treating  first,  de- 
sanded  slurries,  and  finally,  high  density  slurries.  A 
summary  of  the  results  of  these  studies  is  presented 
in  Table  III. 

No  process  difficulties  were  encountered  in  treat- 
ing clear  liquors.  Attempts  to  use  the  mixer-settler 
for  treating  desanded  slurries  were  not  satisfactory. 
Control  of  the  organic-to-aqueous  mixing  ratio  was 
difficult  and  frequently  emulsions  formed. 

Successful  extractions  of  both  desanded  and  high 
density  slurries  were  made  using  the  pump-mixer 


and  the  internal  mixer-settler.  However,  it  was  neces- 
sary to  maintain  a  high  organic-to-aqueous  mixing 
ratio  (  >50)  to  prevent  emulsion  formation.  Recover- 
ies using  either  contactor  were  comparable,  but  use 
of  the  pump-mixer  resulted  in  higher  loss  of  solvent 
as  entrainmcnt. 

A  settling  tank  was  introduced  after  the  last  stage 
for  reducing  entrainmcnt  in  the  raffinate.  A  residence 
time  of  several  hours  was  sufficient  to  float  this  sol- 
vent when  treating  desanded  slurries.  However,  the 
high  density  slurries  had  to  be  first  diluted  with  water 
to  release  the  mechanically-held  organic  droplets. 
Usually  about  90  per  cent  of  this  organic  could  be 
returned  to  the  extraction  system. 
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Recovery  of  Uranium  from  Phosphates  by  Solvent  Extraction 

By  Ray  S.  Long,  David  A.  Ellis,  and  Richard  H.  Bailes,*  USA 


The  phosphate  rock  mined  in  Florida  and  the 
western  states  contains  an  average  of  0.0 1%  UaO8. 
While  this  is  a  relatively  small  concentration,  it  repre- 
sents a  large  supply  of  uranium  when  total  produc- 
tion of  phosphate  rock  is  considered.  Since  the  min- 
ing and  processing  of  the  ore  is  financed  hy  existing 
fertilizer  production,  the  cost  of  by-product  uranium 
recovery  is  not  as  high  as  might  be  expected. 

Most  of  the  domestic  phosphate  mined  is  used  in 
the  manufacture  of  ordinary  and  triple  superphos- 
phate fertilizers.  Tn  triple  superphosphate  manufac- 
ture, early  work  indicated  that,  in  the  initial  acidula- 
tion,  about  70%  to  90%  of  the  uranium  in  the  rock 
is  solubilized  by  the  112SO4  and  reports  into  the 
commercial  H.{P()4  intermediate  thus  formed.  The 
resulting  solution  contains  about  90  to  200  mg 
UsOa/liter.  Since  uranium  can  be  removed  most 
economically  at  this  point  in  the  process,  a  large  por- 
tion of  the  work  has  been  done  on  these  solutions. 
However,  a  preliminary  study  has  been  made  of  an 
alternative  process  for  recovery  of  uranium  from  the 
solid  superphosphate  product. 

The  phosphoric  acid  solutions  have  the  following 
approximate  analysis:  UaOg,  90-200  mg/liter;  Fe, 
4-6  grams/liter;  Al,  3-5  grams/liter;  PO4,  300-600 
grams/liter;  SO4,  30-60  grams/liter;  F,  10-20 
grams/liter;  Si,  2-4  grams/liter;  sp.  gr.,  1.3;  and 
KMF,  240  to  300  mv." 

The  potential  given  was  measured  with  a  platinum 
and  a  saturated  calomel  electrode  (S.C.E.).  The 
EMF  value  indicates  the  potential  of  the  calomel 
electrode  with  respect  to  the  platinum  so  that  a  more 
positive  potential  denotes  a  more  highly  reduced 
solution. 

RECOVERY  FROM  PHOSPHORIC  ACID 

The  process  for  recovery  of  uranium  from  phos- 
phoric acid  consists  of:  (1)  contacting  the  acid  with 
a  1-2%  solution  of  an  alkyl  pyrophosphate  in  kero- 
sene; (2)  separating  the  phases;  (3)  recovering  the 
uranium  from  the  solvent  as  a  fluoride  salt  by  precipi- 
tation with  48%  HF ;  (4)  re-using  the  solvent  on  a 
continuous  basis  with  a  required  amount  of  fresh 
solvent  make-up. 

A  simplified  flow  diagram  is  shown  in  Fig.  1. 
Analyses  of  the  phosphoric  acid  leaving  the  extrac- 


tion system  indicate  that  it  is  relatively  unchanged 
except  in  uranium  content. 

Extractant   Preparation 

The  alkyl  pyrophosphates  have  a  high  selectivity 
for  uranium  over  various  contaminants.  Pyrophos- 
phates with  relatively  long-chain  alkyl  groups  are  vir- 
tually insoluble  in  water  but  completely  miscible  in 
hydrocarbon  diluents  such  as  kerosene.  Compounds 
made  with  alcohols  ranging  from  4  to  17  carbons 
have  been  tested.  The  extracting  power  per  mole  of 
ester  increases  with  increasing  chain  length  up  to  12 
carbons  but,  for  economic  reasons,  octyl  esters  have 
been  used  most  extensively.  Capryl  alcohol  (2-octa- 
nol )  is  preferred  for  preparation  of  the  ester  because 
of  the  low  cost. 

Octyl  pyrophosphoric  acid  (OPPA)  is  available 
commercially.  However,  since  these  compounds  hy- 
drolyze  to  orthophosphates  in  time,  it  is  recommend- 
ed that  the  material  be  made  in  the  laboratory  within 
a  few  days  before  usage.  The  hydrolyzed  products 
are  less  effective  extractants  by  a  factor  of  about 
tenfold.  Thus,  a  1()~20%  solution  of  octyl  ortho- 
phosphoric  acid  (OPA)  is  required  for  uranium 
recovery  comparable  to  that  obtained  with  \%  to 
2%  OPPA.  A  commercial  OPA  is  available,  also. 
This  product  consists  of  a  mixture  of  mono-  and 
dioctyl  orthophosphates.  The  extraction  of  uranium 
from  phosphoric  acid  was  studied  with  both  OPPA 
and  OPA  solutions. 

The  OPPA  solvent  is  prepared  by  the  following 
reaction  ; 


O 


O 


2C8H17OH 


C8H17OP-0-POC8H17   (1) 


O 
H 


O 
H 


*  The  Dow  Chemical  Company,  Pittsburg,  California. 


Since  the  reaction  is  exothermic,  the  operation  is 
best  carried  out  in  the  presence  of  sufficient  kerosene 
to  limit  the  maximum  temperature  reached  to  about 
70° C.  This  can  be  achieved  by  use  of  about  one  liter 
of  kerosene  per  mole  of  PaO5.  Best  yields  are  obtained 
if  the  Pi>O5  is  slurried  in  the  kerosene  first  and  the 
alcohol  then  added.  The  reaction  is  complete  after 
about  30  minutes. 

The  material  thus  prepared  is  diluted  to  1%  to 
2%  with  kerosene.  The  purpose  of  the  kerosene 
diluent  is  to  lower  the  viscosity  of  the  solution,  thus 
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1  000  galkw 
30%  P20S 
1  lb.   U308 


100  galloa  saturated  solvent 
1  to  i%  OPPA  in  kerosene 


1,1.  S  lb.  HF 
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0.95  lb. 
50%  U3O8 
20%  F 
5-10%  P04 
1-2%  Fe    4 
5%  R.E. 


Figure  1.  Plow  diagram  for  extraction  of  uranium 
from  phosphoric  acid 

reducing  the  tendency  to  emulsify  when  it  is  mixed 
with  phosphoric  acid.  Other  common  diluents  can  be 
used.  The  choice  of  diluent  has  little  effect  on  the 
resulting  extraction. 

The  distribution  or  solubility  loss  of  OPA  into 
30%  H3PO4  from  kerosene  is  about  0.004  grams/ 
liter  at  25  °C  and  about  0.03  grams/liter  at  50°  C. 
The  solubility  loss  of  OPPA  is  of  about  the  same 
magnitude. 

Factors  Influencing  Extraction  from  the  Acid 
The  extraction  of  uranium  from  phosphoric  acid 
with   alkyl    pyrophosphates   is   believed   to   proceed 
according  to  a  reaction  of  the  following  type  : 


2/?2P207H2  + 


(#2P20T)2U  +  4H+  (2) 


It  is  probable  that  a  six-membered  chelate  ring  is 
formed  between  the  uranous  ion  and  the  P-O-P 
linkage. 

Oxidation  State 

There  is  evidence  that  ions  of  higher  positive 
charge  are  more  highly  extracted  by  the  solvent. 
Thus,  the  extraction  of  uranium  is  greatly  improved 
by  reduction  of  the  solution  which  forms  U"1"*"1"4" 
from  UOo"1"*.  Iron,  which  is  a  major  contaminant, 
is  also  reduced  from  the  highly  extracted  ferric  state 


Veil*  l*»    r.E.    \vith   respect  to  Pt) 


Figure  2.  Extraction  of  uranium  from  H8PO4  with  1% 
OPPA  in  kerosene — effect  of  reduction 


to  the  poorly  extracted  ferrous  state.  Most  com- 
mercial H3PO4  has  an  EMF  of  —240  to  —300  mv. 
In  this  range,  maximum  extraction  coefficients  (ratio 
of  concentration  of  U3O8  in  organic  to  concentration 
of  U3O8  in  aqueous  phase)  of  about  10-15  are 
found  with  2%  OPPA.  If  the  solution  is  reduced 
(0  to  4-100  mv),  the  coefficient  it  increased  to  about 
200  (see  Fig.  2).  Because  the  maximum  amount  of 
uranium  that  can  be  extracted  is  limited  by  the 
amount  of  extractant  present,  the  value  of  the  ex- 
traction coefficient  drops  as  the  concentration  of  ura- 
nium in  the  organic  increases. 

Tt  has  been  found  that  the  solution  can  be  reduced 
most  economically  with  scrap  iron.  The  solution  can 
be  contacted  with  the  iron  either  in  a  batchwise 
manner  or  continuously  in  a  column.  About  4  grams 
Fe/liter  is  generally  required  for  complete  reduction. 
Reduction  is  needed  only  if  the  EMF  is  more  negative 
than  —300  mv. 

Phosphate  Concentration 

The  OPA  extraction  coefficient  is  adversely  af- 
fected by  increasing  phosphate  concentration.  The 
coefficient  varies  with  the  inverse  fourth  power  of 
the  phosphate  concentration.  With  OPPA,  a  smaller 
effect  of  phosphate  was  noted.  Since  phosphate  ap- 
pears to  inhibit  uranium  extraction,  it  is  better  in 
most  plants,  to  operate  on  acid  prior  to  evaporation. 

Temperature 

The  extraction  coefficient  at  50°  C  is  only  about 
30%  of  that  obtained  at  25° C  with  either  OPA  or 
OPPA. 

Fluorides 

The  presence  of  uncomplexed  fluoride  lowers  the 
extraction.  This  can  be  offset  by  addition,  if  desired, 
of  small  amounts  of  silica  which  ties  up  the  fluoride 
and  thus  increases  the  value  of  the  extraction  coef- 
ficient. 

Physical  Factors 

Any  desired  degree  of  extraction  can  be  obtained 
by  proper  adjustment  of  such  operating  factors  as 
concentration  of  OPPA  in  diluent,  feed  ratio  of 
solvent  to  acid,  and  number  of  stages  used  in  the 
extraction.  Increasing  any  of  these  increases  the 
extraction. 

Countercurrent  Extractions 

Although  several  types  of  contactors  can  be  used, 
most  of  the  countercurrent  experiments  were  done 
with  mixer-settlers.  Mixer-settlers  give  higher  stage 
efficiencies  than  other  types  of  extraction  equipment, 
and  recovery  of  the  solvent  for  further  treatment  is 
simple.  In  a  four-stage,  countercurrent  mixer-settler 
at  a  10:1  flow  rate  ratio  of  aqueous  to  organic,  2% 
OPPA  was  required  for  90%  recovery  of  uranium 
from  unreduced  feed  acid,  but  only  1%  OPPA  was 
required  for  the  same  recovery  from  reduced  acid. 
When  10%  OPA  was  used,  90%  of  the  uranium  was 
extracted  from  reduced  acid  at  a  16 :1  ratio  of  aqueous 
to  organic.  These  extractions  were  obtained  on  acid 
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containing  about  30%  P^Q^.  About  five  minutes  of 
mixing  time  and  five  minutes  of  settling  time  were 
employed  in  each  stage.  Higher  extractions  can  be 
obtained  by  using  larger  amounts  of  extractant. 
When  about  five  minutes  of  settling  time  and  a  one- 
ft2  settling  area  per  gallon  per  minute  of  feed  rate 
were  employed  in  the  last  stage,  it  was  found  that 
about  1%  to  3%  of  the  feed  organic  was  entrained  in 
the  outgoing  acid.  A  feedback  of  organic  from  the 
settler  into  the  mixer  in  the  final  stage  to  maintain  the 
condition  of  organic  phase  continuous  during  mixing 
lowered  this  entrainment  to  about  0.6%.  Entrain- 
ment  is  lowered  by  increasing  the  ratio  of  organic 
to  aqueous  during  mixing. 

Precipitation  of  Product  from  Extractant 

The  uranium  can  be  precipitated  almost  quanti- 
tatively from  the  OPPA  by  contacting  it  with  about 
1  to  \Y2  lb  HF/lb  of  U3O8.  The  HF  is  best  applied 
as  a  48%  to  60%  solution.  Higher  concentration 
results  in  excessive  deterioration  of  the  solvent. 
Lower  concentration  causes  emulsion.  Contact  time 
need  be  no  greater  than  15  seconds. 

The  following  reaction  appears  to  take  place : 

(7?2P207)2U  +  4HF-»  UF4  +  2#2P207H2 

(Partially  hydrolyzed 

to-^PO4H2)  (3) 

The  product  thus  obtained  is  a  uranous  fluoride 
containing  about  50%  UsOg  with  fluoride,  phosphate 
and  iron  the  major  contaminants.  Some  phosphoric 
acids  contain  small  amounts  of  rare  earths.  These 
are  extracted  with  the  uranium  and  result  in  cakes 
containing  about  5%  rare  earth  oxides. 

Restoration  of  the  Extractant 

The  HF  partially  hydrolyzes  the  pyrophosphate 
and  reacts  to  some  extent  with  orthophosphates.  For 
OPPA,  a  two-minute  contact  with  HF  lowers  the 
extraction  coefficient  to  J4  i*5  original  value  and  an 
eighteen  hour  contact  to  y40  of  its  original  value.  In 
order  to  restore  the  organic  to  its  original  extracting 
ability,  a  make-up  of  50%  to  100%  of  the  original 
amount  of  OPPA  used  is  required  depending  on  the 
conditions  of  extraction  and  stripping.  With  con- 
tinued usage,  it  appears  that  the  extraction  is  due 
to  both  the  OPPA  and  the  OPA  components.  The 
latter  is  present  because  of  decomposition  of  the  for- 
mer. The  make-up  quantity  required  is  of  the  order 
of  3  to  10  lb  of  OPPA  per  lb  of  U8O8.  Other  raw 
materials  required  in  this  process  per  lb  of  U3O8  are 
1.25  lb  HF,  3  to  4  gallons  of  kerosene,  and,  in  some 
cases,  about  3  to  5  lb  Fe. 

Economics  and  Application  of  Process 

The  process  for  uranium  recovery  from  H3PO4  as 
outlined  has  been  investigated  extensively  in  the 
laboratory.  Acids  from  about  twelve  different  com- 
mercial sources  have  been  tested  but  no  significant 
difference  was  noted.  The  laboratory  work  was  fol- 
lowed by  pilot  plant  testing.  Several  full-scale  plants 


using  this  process  are  either  now  in  operation  or 
planned.  Cost  estimates  have  shown  that  the  uranium 
produced  from  H3PO4  by  this  procedure  is  com- 
petitive with  that  from  medium-grade  ores  (0.1  to 
0.3%  U3O8)  if  the  ore  is  mined  solely  for  uranium. 
Size  of  the  phosphate  plant  is  the  most  critical  factor 
in  determining  the  final  cost. 

RECOVERY  FROM  NORMAL  SUPERPHOSPHATE 

« 

In  the  manufacture  of  normal  superphosphate,  less 
H2SO4  per  ton  of  ore  is  employed  than  in  the  phos- 
phoric acid  process.  The  acid  is  pugged  wih  the  ore 
and  the  resulting  mass  is  allowed  to  cure  prior  to 
bagging.  At  no  point  in  this  process  does  the  uranium 
appear  in  solution.  However,  a  process  for  recover- 
ing up  to  80%  of  the  uranium  from  the  final  super- 
phosphate product  has  been  studied  on  a  laboratory 
basis.  This  process  consists  of:  (1)  adding  6  lb 
HNOs/ton  of  ore  to  the  original  acidulation  step  in 
manufacture  of  the  superphosphate;  (2)  extracting 
the  uranium  from  the  superphosphate  after  "setting 
up"  by  a  percolation  leach  with  a  1%  to  2%  solution 
of  OPPA  in  hexane  at  about  a  1  :  1  ratio  of  organic 
to  ore;  (3)  washing  entrained  OPPA  from  the 
solids  with  fresh  hexane;  (4)  recovering  the  hexane 
by  heating  the  solids  to  a  temperature  not  greater 
than  80°C;  (5)  stripping  the  uranium  from  the 
loaded  OPPA. 

Hexane  is  used  because  its  low  boiling  point 
(69°C)  makes  it  recoverable  by  boiling  at  a  tempera- 
ture sufficiently  low  so  that  there  is  no  danger  of 
reversion  in  the  superphosphate. 

The  uranium  can  be  stripped  from  the  solvent  with 
HF,  HC1,  aqueous  polyphosphates,  or  other  reagents 
studied  in  the  phosphoric  acid  investigation.  The 
solvent  is  then  recycled  after  make-up  addition  of 
OPPA  to  compensate  for  loss  of  extracting  power 
incurred  during  stripping. 

In  the  superphosphate  preparation,  the  variables 
whch  affect  uranium  recovery  are  the  amount  of 
H2SO4  used,  the  amount  of  HNOs  added  per  ton  of 
ore,  and  the  time  of  aging  after  acidulation.  In  gen- 
eral, an  increase  in  any  of  these  will  increase  the 
extraction.  The  variables  in  the  extraction  procedure 
which  affect  uranium  extraction  include  concentra- 
tion of  OPPA  in  the  solvent,  ratio  of  organic  to 
solid  used  during  extraction,  time  of  contact,  and 
number  of  stages  or  contacts  employed.  Increasing 
any  of  these  variables  increases  the  extraction.  De- 
crease in  particle  size  of  the  superphosphate  product 
also  increases  the  extraction. 

Superphosphate  after  being  treated  by  this  pro- 
cedure was  found  to  have  the  same  weight  and  P2O5 
analysis  as  before  treatment.  However,  no  agronomic 
tests  have  been  run  on  any  of  the  material. 

Laboratory  results  have  indicated  that  a  similar 
process  might  be  applied  to  triple  superphosphate. 
The  advantage  of  this  over  extraction  of  the  H8PO4 
intermediate  lies  in  the  30-40%  additional  uranium 
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which  might  be  available.  Pilot  plant  testing  on  these  to  produce  uranium  at  a  cost  competitive  with  higher 

processes  is  believed  necessary.  grade  sources. 

In  summary,  solvent  extraction  processes  employ- 
ing alkyl  ortho-  and  pyrophosphates  have  been  devel-  ACKNOWLEDGEMENTS 
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Canadian  Practice  in  Ore  Dressing  and 
Extractive  Metallurgy  of  Uranium 


By  A.  Thunaes,*  Canada 

The  uranium  ores  that  are  being  treated  today  in 
Canada  do  not  contain  other  values  in  sufficient 
amounts  to  warrant  their  recovery. 

Other  potentially  important  mines  that  are  sched- 
uled for  operation  in  1955  or  1956  do  not  differ  in 
this  respect.  The  uranium  must  pay  for  the  entire 
cost  of  development,  mining  and  milling. 

The  treatment  plants  that  are  now  in  operation  are 
located  in  the  Arctic  or  sub- Arctic  area  of  the  North- 
west hut  the  Province  of  Ontario  is  expected  to 
become  a  major  producer  in  the  next  two  years. 

The  following  outline  deals  with  the  methods  that 
are  employed  in  Canada  for  recovery  of  uranium 
from  original  ores  in  a  product  that  is  suitable  for 
refinery  feed. 

URANIUM  MINERALS  AND  ASSOCIATED  MINERALS 

IN  THE  MORE  IMPORTANT  CANADIAN  ORES  AND 

THE  EFFECT  OF  THESE  MINERALS  ON  ORE 

TREATMENT 

Pitchblende  is  the  principal  source  of  uranium  in 
the  mines  that  are  currently  producing  in  Canada; 
however,  several  mines  that  are  now  planning  or 
approaching  the  production  stage  contain  Brannerite 
or  uranothorite,  major  uranium  bearing  minerals. 

Pitchblende  ores  vary  considerably  as  regards 
treatment  characteristics.  Thus,  the  ore  in  the  Port 
Radium  mine  contains  a  considerable  amount  of 
heavy  pitchblende  in  seams  and  veins,  and  up  to  70% 
recovery  of  uranium  was  formerly  obtained  by 
gravity  concentration.1  On  the  other  hand,  the  ores 
of  the  Beaverlodge  area  contain  finely  disseminated 
pitchblende  of  lesser  specific  gravity  and  even  after 
fine  grinding  the  pitchblende  grains  will  generally 
contain  gangue  minerals. 

The  minimum  content  of  U3O8  in  acceptable  re- 
finery feed  is  10%  ;  even  when  the  ore  contains  con- 
siderable massive  and  heavy  pitchblende,  as  in  the 
Port  Radium  area,  the  per  cent  recovery  by  physical 
methods  is  not  acceptable  today. 

Consequently,  hydrometallurgical  methods  are 
essential  to  efficient  recovery.2  The  two  principal 
methods  that  have  been  developed  or  modified  for 
Canadian  plants  are  based  on  :  (  1 )  leaching  with  sul- 
phuric acid,  or  (2)  leaching  with  alkaline  carbonate 
solutions. 

*  Director  of  Research,  Eldorado  Mining  and  Refining 
Limited,  Ottawa. 


The  choice  of  leaching  method  is  dependent  upon 
the  mineral  content  of  the  ore.  Alkali  carbonate 
leaching  is  indicated  when  the  acid  consuming  min- 
erals are  expected  to  exceed  economic  limits,  and 
providing  that  the  ore  does  not  contain  an  excessive 
amount  of  minerals  that  consume  sodium  carbonate, 
such  as  iron  sulphides. 

The  principal  producing  mines  derive  their  ore 
from  hydrothermal  vein  deposits.8-4  Such  deposits 
invariably  contain  carbonate  minerals,  principally 
calcite,  but  also  siderite,  rhodocrosite,  etc.,  that  are 
soluble  in  weakly  acid  solutions.  It  is,  however,  re- 
markable that  the  carbonate  contents  of  the  ores 
now  being  mined  varies  between  rather  narrow  lim- 
its, and  ores  that  contain  sufficient  acid  soluble  min- 
erals to  rule  out  acid  leaching  are  very  rare. 

Besides  carbonates,  the  vein  type  uranium  ores 
contain  appreciable  amounts  of  chlorite  minerals 
which  consume  a  certain  amount  of  acid.  Hematite 
is  also  present  in  appreciable  amounts  but  only  the 
earthy  type  of  hematite  is  soluble  in  the  weakly  acid 
solutions.  Specular  hematite  predominates  over  the 
earthy  type. 

Sulphide  minerals  are  commonly  associated  with 
pitchblende.  Most  sulphides  are  not  soluble  in  the 
cold  solutions ;  exceptions  are  for  instance  pyrrhotite, 
marcasite  and  bornite.  Many  sulphides  are,  however, 
soluble  to  a  considerable  degree  in  hot  sodium  car- 
bonate solution  and,  if  appreciable  amounts  of  these 
minerals  are  present,  they  must  be  removed  by  flota- 
tion prior  to  carbonate  leaching.  Similarly,  carbonate 
minerals  can  be  separated  by  flotation  prior  to  acid 
leaching. 

The  cobalt-arsenide  minerals  that  are  present  in 
abundance  in  ores  of  the  Port  Radium  type  are 
partly  soluble  and  introduce  certain  complications; 
apatite  and  fluorite  are  also  attacked  to  some  degree. 
Graphite  is  abundant,  but  unaffected  by  the  solutions. 

The  physical  and  chemical  characteristics  of  the 
pitchblende  grains  are  quite  variable  and  of  major 
importance  as  regards  treatment. 

Since  tetravalent  uranium  compounds  are  the  most 
difficult  to  dissolve  or  to  maintain  in  solution,  the 
presence  of  UO2  in  pitchblende  requires  addition  of 
oxidising  agents  for  successful  acid  leaching,  or  the 
ore  pulp  must  be  aerated  for  a  prolonged  period  when 
alkali  carbonate  leaching  is  used. 
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Port  Radium  pitchblende  contains  on  the  average 
a  much  greater  ratio  of  UO2/UO8  than  the  Beaver- 
lodge  type  pitchblende.  In  the  latter  type  of  mineral 
UO3  predominates. 

Secondary  minerals  containing  hydrated  silicates, 
carbonates  or  vanadates  of  uranium  are  not  of  im- 
portance in  Canadian  production,  except  that  the 
Gunnar  Mine  on  Lake  Athabasca  contains  consider- 
able uranophane. 

The  secondary  minerals  are  readily  dissolved  by 
weak  acid  or  by  carbonate  solution  without  oxidising 
agents. 

As  previously  mentioned,  the  association  of  pitch- 
blende with  other  minerals  is  very  intimate.  Even 
after  grinding  to  minus  200  mesh  the  individual 
grains  will  usually  contain  inclusions  of  sulphides, 
calcite  or  silicates.  This  intimate  mixture  does  not 
normally  affect  the  extraction  of  uranium  by  leach- 
ing but  is  detrimental  to  the  success  of  processes  for 
pre-concentration  of  uranium  ores.  Minute  grains  of 
pitchblende  are  occasionally  enclosed  in  silicate  min- 
erals or  in  calcite,  thus  preventing  contact  with  the 
leach  liquor.  Extremely  fine  grinding  is  necessary 
if  a  considerable  part  of  the  uranium  occurs  in  this 
manner,  but  this  is  an  infrequent  occurrence. 

The  ore  from  hydrothermal  veins  will  generally 
contain  in  abundance  such  minerals  as  chlorite, 
graphite,  carbonates  and  clay.  These  minerals  are 
readily  slimed  and  careful  grinding  and  avoidance 
of  violent  agitation  of  the  ore  pulp  is  advisable  in 
order  to  minimize  troubles  with  settling,  filter  capac- 
ity and  soluble  losses  of  uranium. 

Essentially  all  the  Canadian  production  of  ura- 
nium originates  from  pitchblende,  but  the  mineral 
"Brannerite"  is  a  potentially  important  source  since 
this  mineral  is  the  principal  value  in  the  important 
new  Blind  River  area. 

Brannerite,  a  titanate  of  uranium,  contains  ura- 
nium in  the  hexavalent  form;  in  the  Blind  River 
deposits  altered  Brannerite  occurs  in  the  matrix  of 
a  quartz  pebble  conglomerate  associated  with  a  con- 
siderable amount  of  pyrite.  Minor  amounts  of  ura- 
nium oxides  and  thucolite  are  also  present. 

Uraninite  and  uranothorite  are  the  important  min- 
erals in  the  Bancroft  deposits  in  the  Ontario  province. 

Both  Blind  River  and  Bancroft  ores  are  suitable 
for  acid  leaching  since  they  contain  only  minor 
amounts  of  carbonate  minerals.  The  Bancroft  ores 
are  of  pegmatitic  type  and  contain  the  uranium  min- 
erals in  well  defined  crystals. 

LEACHING  METHODS 
Acid  Leaching2 

The  flowsheet  includes  grinding  in  water  to  minus 
48  mesh  followed  by  thickening  and  filtration ;  filtra- 
tion may  be  omitted  or  only  part  of  the  thickener 
underflow  may  be  filtered,  depending  on  the  settling 
characteristics  of  the  ore;  the  aim  is  to  obtain  a 
density  of  55  to  60%  solids  in  the  feed  to  the  leaching 
section. 


Settling  agents  are  generally  required  in  order  to 
maintain  a  clear  overflow  from  the  thickener.  (An 
alternative  method  of  preparing  leach  feed  is  to  crush 
and  grind  in  air-swept  mills.  This  system  has  not 
been  in  operation  in  Canada  so  far,  except  on  a  pilot 
plant  scale,  but  it  offers  attractive  possibilities  on 
account  of  the  reduction  in  slime  content  with  con- 
sequent improvement  of  filtering  rates  and  reduction 
in  soluble  losses.) 

The  pulp  is  acidified  by  sulphuric  acid  and  sodium 
chlorate  is  added  as  an  oxidising  agent.  Agitation  is 
performed  in  airlift  rake  type  agitators.  Tanks  are 
of  wood  or  of  rubber-lined  steel,  and  stainless  steel 
or  rubber-covered  material  is  used  for  the  agitator 
mechanism.  The  leaching  takes  place  at  or  near 
room  temperature  for  about  twenty-four  hours.  The 
flow  is  continuous. 

The  leached  ore  goes  to  two  stages  of  filtration, 
the  filter  cake  being  washed  and  re-pulped  by  very 
dilute  solutions  of  sulphuric  acid.  A  final  water  wash 
follows.  The  combined  filtrate  is  sent  to  the  precipi- 
tation section. 

The  recovery  of  uranium  from  solutions  may  be 
accomplished  by  precipitation  as  a  uranous  phosphate 
or  arsenate  under  controlled  conditions.  Alternatively 
the  solution  may  be  subjected  to  ion  exchange.  A 
few  ores  yield  solution  of  such  purity  that  uranium 
may  be  precipitated  by  direct  neutralization  with 
magnesia.  The  barren  solution  is  sent  to  waste  or 
part  of  the  solution  is  re-cycled. 

The  filtration  of  leach  residues  may  offer  certain 
difficulties  when  appreciable  amounts  of  calcium  sul- 
phate arc  formed  in  the  process.  Flocculating  agents 
must  then  be  used  in  order  to  obtain  reasonable 
filtration  rates. 

Successful  leaching  requires  close  control  of  solu- 
tion composition,  particularly  when  the  ores  yield 
soluble  compounds  that  tend  to  precipitate  uranium 
prematurely  during  agitation.  It  is  also  necessary  to 
maintain  close  control  of  acidity,  since  excess  acidity 
is  wasteful,  and  to  regulate  closely  the  content  of 
sodium  chlorate.  The  latter  compound  has  been  found 
to  be  the  most  convenient  oxidizing  agent  for  Cana- 
dian plants. 

Leaching  in  Alkali  Carbonate  Solutions2-5-6'7 

The  ore  is  ground  in  5%  carbonate  solution, 
thickened  and  leached.  The  leaching  takes  place  at 
elevated  temperatures  and  aeration  of  the  pulp  is 
required  for  oxidizing  the  tetravalent  uranium  in 
pitchblende. 

Leaching  may  take  place  in  autoclaves  or  in 
Pachuca  tanks  at  about  55%  solids.  In  the  former 
case  the  temperature  of  the  pulp  is  220-230°  F,  in  the 
latter  case  about  160-1 70°  F.  The  solutions  must 
contain  appreciable  amounts  of  bicarbonates  in  order 
to  obtain  a  satisfactory  extraction.  These  bicarbo- 
nates are  formed  by  reaction  of  the  normal  carbonate 
with  sulphide  minerals  or  may  be  formed  by  the 
addition  of  fluegas. 
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The  leached  ore  pulp  is  cooled  by  heat  exchange 
with  the  incoming  leach  feed  and  the  solution  is  separ- 
ated from  residue  by  double  filtration  or  by  washing 
thickeners  followed  by  filtration. 

The  pregnant  solution  is  treated  with  sodium  hy- 
droxide to  precipitate  uranium  as  a  sodium  diuranate, 
and  the  barren  solution  is  re-cycled  after  passing 
through  a  carbonation  tower  where  excess  caustic 
soda  is  converted  to  sodium  carbonate. 

The  carbonate  solutions  are  expensive  and  must  be 
re-cycled. 

Sulphide  minerals  are  the  principal  consumers  of 
carbonate  and  sodium  sulphate  is  formed.  The  high 
content  of  chemicals  influences  filtering  rates  and 
flocculating  agents  are  frequently  required. 

Choice  of  Process  and  Variations  of  Flowsheets 

Simple  acid  leaching  is  generally  indicated  for  ores 
containing  pitchblende,  uraninite,  uranothorite,  etc., 
providing  that  the  content  of  carbonate  minerals  is 
not  excessive.  If  the  ore  contains  soluble  carbonates 
corresponding  to  more  than  4%  CO2,  flotation  of 
carbonates  must  be  considered,  followed  by  separate 
leaching  of  the  flotation  concentrate  in  alkaline  solu- 
tions. 

Alkali  carbonate  leaching  is  indicated  for  ores 
that  contain  a  large  amount  of  calcite.  If,  however, 
the  sulphur  content  of  the  ore  is  higher  than  0.4- 
0.5%,  the  sulphide  minerals  must  be  removed  by 
flotation  for  separate  treatment.  The  sulphide  min- 
erals are  more  or  less  completely  decomposed  by  the 
hot  alkaline  solutions  and  are  the  principal  consumers 
of  reagents. 

It  has  been  found  that  leaching  in  alkaline  carbo- 
nate solution  requires  a  finer  grind  than  that  required 
for  acid  leaching.  Also,  the  filtration  of  residues  is 
rather  more  difficult  when  carbonate  leaching  is 
employed  due  to  the  heavy  build-up  of  soluble  salt 
in  circulating  solution. 

On  the  other  hand,  the  precipitation  of  uranium 
from  carbonate  solution  is  a  simpler  and  cheaper 
process  than  precipitation  from  acid  solution  and  the 
capital  cost  of  acid  proof  filters  and  of  an  acid  man- 
ufacturing plant  is  avoided. 

The  overall  recoveries  by  acid  leaching  are  gener- 
ally a  few  per  cent  higher  than  by  alkaline  leaching. 

ALTERNATIVE  METHODS  IN  THE  DEVELOPMENT 
STAGE 

The  methods  employed  or  planned  for  treatment 
of  Canadian  ores  were  developed  or  modified  in 
Canada,  except  the  precipitation  through  ion  ex- 
change which  will  be  incorporated  in  several  new 
treatment  plants. 

Certain  other  leaching  methods  have  been  devel- 
oped on  a  laboratory  or  pilot  plant  scale. 

Thus,  many  ores  will  respond  to  leaching  by  SO2 
solutions  followed  by  aeration  and  the  uranium  may 
be  readily  precipitated  from  the  resulting  solutions 
by  iron  powder  plus  a  soluble  phosphate. 


Uranium  has  also  been  extracted  by  leaching  sul- 
phidic  ores  in  autoclaves  at  relatively  high  temper- 
atures and  pressures.  Aeration  of  the  pulp  produces 
sufficient  acid  through  oxidation  of  sulphides  to 
extract  uranium. 

The  first  Canadian  method  for  carbonate  leaching 
of  uranium  from  original  pitchblende  ores  was  devel- 
oped in  1950-51.  This  method  was  characterised  by 
the  use  of  soluble  permanganates  (instead  of  aera- 
tion), and  precipitation  of  uranium  by  sodium  hy- 
droxide. Two  to  ten  pounds  of  permanganate  was 
the  usual  consumption.  The  "permanganate  leach" 
was  the  basis  from  which  the  chemistry  and  practice 
of  the  present  Beaverlodge  treatment  methods  were 
developed. 

Alternative  methods  for  precipitation  of  uranium 
from  carbonate  solution  as  UO2  have  been  pilot  plant 
tested. 

METHODS  OF  PRE-CONCENTRATION 

Uranium  leaching  is  expensive,  as  regards  both 
capital  and  operating  costs,  and  test  work  has  been 
carried  out  with  many  ores  in  an  attempt  to  reduce 
the  leach  plant  feed  by  pre-concentration. 

Methods  available  that  may  apply  to  some  Canadian 
ores  are:  "heavy  media  separation,"  "flotation/' 
"electronic  sorting"  and  "gravity  concentration." 

Heavy  Media  Separation 

The  uranium  minerals  are  often  associated  with 
hematite,  sulphides  or  other  heavy  minerals  in  such 
a  manner  that  the  ore  may  be  concentrated  by  heavy 
media  separation.  Occasionally,  the  conventional  type 
of  sink-and-float  at  coarse  size,  say  ll/2  in.  to  Ji  in., 
will  yield  satisfactory  rejects  as  regards  quantity  and 
uranium  content.  For  other  ores  a  fine  crush  to  say 
l/\  in.  is  required  in  order  to  free  the  uranium-heavy 
mineral  aggregates ;  the  cyclone  type  of  heavy  media 
separation  is  often  indicated  for  such  ores.  This 
latter  method  gives  effective  separation  of  ore  as  fine 
as  forty-eight  mesh,  using  a  magnetite  medium.  To 
date,  the  test  work  on  such  methods  has  not  been 
carried  beyond  the  pilot  plant  but  the  results  are 
of  definite  interests  for  certain  deposits. 

Flotation 

Flotation  of  pitchblende  is  not  employed  on  a  com- 
mercial scale  in  Canada.  However,  extensive  test 
work  has  indicated  that  flotation  will  be  of  economic 
benefit  for  certain  ores,  particularly  for  ores  of  the 
pegmatite  type  that  contain  well  defined  crystals  of 
uraninite,  uranothorite  or  columbate-tantalate  miner- 
als of  uranium;  many  of  these  ores  contain  gangue 
minerals  that  are  rather  easily  depressed  and  recover- 
ies of  90%  with  a  5:1  ratio  of  concentration  have 
been  obtained. 

For  ores  from  hydrothermal  veins  the  pre-concen- 
tration by  flotation  is  somewhat  more  difficult  because 
much  of  the  pitchblende  is  so  intimately  mixed  with 
chlorite,  hematite  and  calcite  that  release  by  grinding 
is  not  feasible. 
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Flotation  of  the  latter  type  ore  is  based  on  depres- 
sion of  barren  gangue  minerals  such  as  quartz  and 
feldspar,  while  hematite,  chlorite,  graphite,  etc.,  re- 
port in  the  concentrate.  Recoveries  of  859^  with  a 
1  :  3  ratio  of  concentration  have  occasionally  been 
obtained. 

Electronic  Sorting 

The  Lapointe  Picking  Belt  is  applicable  to  treat- 
ment of  coarse  ore  in  the  size  range  8  in.  to  1  }i  in. 
Rejection  of  waste  will  range  from  30-40%  of  the 
ore  tonnage  mined. 

Gravity  Concentration 

Pre-concentration  by  jigs,  tables,  etc.,  is  suitable 
for  certain  pegmatite  ores. 

The  future  progress  towards  reduction  of  capital 
and  operating  costs  for  uranium  treatment  plants  will 
depend  to  a  large  extent  on  efficient  methods  of  pre- 
concentration. 
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Method  for  Chemical  Processing  of  Low-Grade 
Uranium  Ores 

By  P.  Mouret*  and  P.  Pagny,t  France 


The  chemical  procedures  generally  employed  for 
treating  uranium-bearing  ores  consist  of  an  acid 
digestion  followed  by  separation  of  the  insoluble 
residue,  treatment  of  the  resultant  solution  with  an 
excess  of  sodium  carbonate,  which  precipitates  the 
foreign  elements  and  leaves  the  uranium  in  solution 
in  the  form  of  a  complex :  sodium  uranyl  carbonate. 
After  precipitated  hydroxides  are  filtered  out,  the 
sodium  uranyl  carbonate  is  decomposed  either  by 
neutralization  with  an  acid  or  by  addition  of  caustic 
soda,  and  converted  into  sodium  uranate. 

In  order  to  accumulate  quickly  the  amounts  of 
uranium  needed  for  the  construction  of  its  first  piles, 
the  CEA  concentrated  its  efforts  on  the  production  of 
of  uranium  from  the  richest  ores  it  had  available. 

To  this  end  a  chemical  treatment  plant  was  con- 
structed, using  a  process  akin  to  the  one  described 
above. 

Because  of  constantly  increasing  uranium  require- 
ments and  the  fact  that  this  element  is  mainly  found 
in  low-grade  ores,  it  became  necessary  to  treat  the 
latter  class  of  ore. 

Economic  factors  precluded  employment  of  the 
standard  processes.  Their  uranium  extraction  ef- 
ficiency is  low,  depending  as  it  does  on  the  richness 
of  the  ore,  and  their  cost  is  high. 

Since  treating  low-grade  uranium  ores  would  make 
it  possible  to  increase  the  available  tonnage  of  ura- 
nium considerably,  we  looked  for  processes  that 
would  enable  us  to  obtain  this  element  at  a  reason- 
able cost. 

We  envisaged  sulfuric  acid  digestion  because  of 
price,  ease  of  storage,  the  possibility  of  using  less 
costly  materials,  and  also  in  order  to  make  it  possible 
to  use  processes  based  on  reduction. 

As  for  the  treatment  of  the  digestion  solutions,  it 
was  found  that  when  the  ore  is  rich  enough,  uranium 
is  separated  from  its  principal  impurities  by  precipi- 
tating the  latter  from  solution;  when  dealing  with 
low-grade  ores,  the  ratio  of  the  fraction  of  dissolved 
impurities  to  the  fraction  of  uranium  in  solution 
becomes  very  high.  The  idea  of  effecting  separation 
of  the  uranium  impurities  by  precipitating  the  small 
fraction,  namely  the  uranium,  by  means  of  one  or 
more  suitable  reagents  was  attractive.  The  quantities 
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of  these  reagents  would  be  functions  of  the  element 
in  question,  and  whose  properties  would  be  such  as 
to  leave  the  digesting  solution  virtually  unaltered. 

In  this  way  we  avoid  the  separation  of  large 
precipitates.  Application  of  such  a  process  would 
also  make  possible  more  complete  recovery  of  the 
uranium.  On  the  other  hand,  if  the  impurities  were 
precipitated  beforehand,  there  would  be  a  risk  of 
considerable  loss  by  adsorption  since  the  amount  of 
uranium  is  small  compared  to  the  amount  of  the 
impurities. 

We  investigated  in  what  form  the  uranium  could 
be  extracted.  The  problem  was  to  precipitate  the  ura- 
nium in  an  acid  medium  in  such  a  way  as  to  leave 
the  foreign  metals  in  solution.  The  principal  salts  of 
uranium  that  are  insoluble  in  an  acid  solution  are 
those  with  a  valence  of  four.  Among  these  we  se- 
lected uranous  phosphate  and  insoluble  uranous 
pyrophosphate,  obtaining  them  by  precipitation  in  an 
acid  medium  after  reducing  the  dissolved  ura- 
nium (VI)  to  uranium  (IV).  There  are  thus  two 
distinct  phases  in  the  contemplated  process :  ( 1 )  re- 
duction of  the  uranium  within  the  solution  from 
valence (Vt)  to  valence (IV)  ;  (2)  addition  of  a 
phosphate  or  soluble  pyrophosphate  forming  an  in- 
soluble salt  of  tetravalent  uranium. 

We  used  the  insolubility  of  the  phosphates  be- 
cause the  ores  often  contain  phosphates,  so  depend- 
ing on  their  content  of  that  substance  the  uranium 
could  be  precipitated  with  less  or  no  added  phosphate 


ion. 


LABORATORY  EXPERIMENTS 


First  Variant:  Uranous  Phosphate 

The  laboratory  tests  were  concerned  primarily 
with  a  choice  among  the  various  reducing  agents 
suitable  for  industrial  use,  namely:  (a)  sodium  hy- 
drosulfite,  (b)  metallic  aluminum,  and  (c)  iron 
turnings  (metallic  chips  obtained  by  milling). 

Sodium  Hydrosulfite 

Reduction  can  be  effected  by  sodium  hydrosulfite, 
a  reducing  agent  that  has  given  us  excellent  results. 

In  order  to  perfect  the  process,  we  made  exper- 
iments on  sulfuric  acid  solutions  of  low-grade  ura- 
nium ores,  in  which  the  following  factors  were 
studied:  (a)  determination  of  the  amount  of  sodium 
hydrosulfite  required  (Table  T)  ;  (b)  influence  of  the 
amount  of  PoO5  employed  (Table  11)  ;  (r  )  influence 
of  the  final  acidity  (Table  III) ;  .(</)  influence  of  the 
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Table  I.    Determination  of  the  Amount  of 
Sodium  Hydrosulfite* 


Amount  of  hydrosulfite 
in  grams/gram  V 

U  content  of  filtrate  ajtcr 
precipitation,  mg/litcr 

Precipitation 
efficiency 

0.2 

860 

14.0 

0.6 

550 

45.0 

1.0 

190 

81.0 

1.1 

97 

95.3 

1.2 

45 

90.5 

1.4 

22 

97.8 

1.5 

19 

98.1 

2.0 

17 

98.3 

3.0 

14 

98.6 

6.0 

11 

98.9 

*  The  digestion  solution  contained :  uranium,  1  gm/liter ; 
acidity,  pH2;  P2OB}  gm/litcr.  Temperature  was  60°; 
stirring  time  was  30  min. 

temperature  (Table  IV) ;  (e)  influence  of  the  ura- 
nium content  of  model  solutions  treated  (Table  V). 

According  to  Table  I,  the  amount  of  sodium  hydro- 
sulfite should  be  in  the  ratio:  hydrosulfite/ura- 
nium  =  3. 

The  test  described  by  Table  II  shows  that  there  is 
no  point  in  going  beyond  3  gm  of  P2O5  per  gram  of 
uranium. 

The  test  in  Table  III  shows  that  in  order  to  get 
a  high  yield  the  final  acidity  must  be  brought  to 
pH  2,  since  the  uranous  phosphate  is  soluble  at 
higher  acidities. 

As  shown  in  Table  IV,  the  solubility  of  uranous 
phosphate  is  not  notably  changed  when  the  tempera- 
ture is  raised. 

The  study  in  Table  V  indicates  that  about  3  kilo- 
grams of  sodium  hyposulfite  must  be  used  per  kilo- 
gram of  uranium  for  the  given  ores ;  that  the  amount 

of  PC>4 ions  present  in  the  solution  should  equal 

at  least  3  kg,  calculated  as  P2O5  per  kg  of  uranium ; 
that  the  final  pH  should  be  about  3 ;  that  the  tempera- 
ture does  not  have  any  very  marked  effect ;  and  that 
the  precipitation  efficiency  increases  with  the  uranium 
concentration  of  the  initial  solution. 

It  is  understood,  of  course,  that  the  amounts  of 
sodium  hydrosulfite  and  of  phosphate  necessary  for 
precipitation  are  not  functions  exclusively  of  the  U 
content  of  the  solutions,  but  also  depend  on  the  for- 
eign elements  that  can  react  with  these  products. 

When  the  solutions  initially  contain  an  insufficient 
amount  of  phosphate  ions  it  is  advisable  to  adjust 
the  content  by  adding  sodium  phosphate  and  to  do 

Table  II.  Influence  of  the  Amount  of  P2Or>  Applied* 


Amount  of  P^Of* 
in  gm/liter 

U  content  of  filtrate  after 
precipitation,  mg/  liter 

Precipitation 
efficiency,  % 

0.25 

505 

49.5 

0.375 

340 

66.0 

0.562 

335 

66.5 

0.75 

170 

83.0 

1.5 

28 

97.2 

3.0 

17 

98.3 

60 

15 

98.5 

this  before  reducing,  since  the  uranium  precipitates 
during  the  reduction. 

If  the  residual  acidity  of  the  digesting  liquors  is 
too  great,  the  pH  of  the  solution  must  be  adjusted 
before  reduction,  so  as  to  obtain  a  good  precipitation 
yield. 

We  may  note  that  for  one  of  our  ores,  for  which 
the  content  of  the  digestion  solutions  varied  from 
0.8  gm  to  2  gin  of  uranium  per  liter,  we  obtained 
residual  liquors  containing  between  7  and  IS  mg  of 
uranium  per  liter  after  precipitation  of  the  uranium, 
and  precipitates  containing  the  uranous  phosphate  with 
dry  assay  values  of  15  to  20%  of  uranium. 

Table  III.  Influence  of  the  Final  Acidity* 


U  content  of  filtrate  after 
Acidity               precipitation,  mg/litcr 

Precipitation 
efficiency,  % 

2N 

960 

4.0 

IN 

710 

29.0 

0.5  N 

93 

907 

0.17V 

31 

96.9 

pH  2.05 

18 

98.0 

*  The  digestion  solution  contained :  uranium,  1  gm/liter ; 
PsOn,  3  gm/liter;  sodium  hydrosulfite,  3  gm/liter.  Tem- 
perature was  60° ;  stirring  time,  30  min. 

Table  IV.    Influence  of  Temperature* 


Temperature 


20° 
30° 


[7  content  of  filtrate  after 
precipitation,  mg/ liter 

24 
17 


Precipitation 
efficiency,  % 

97.6 

98.3 


*The  digestion  solution  contained:  uranium,  1  gm/liter; 
sodium  hydrosulfite,  3  gm/liter.  Acidity  was  pH2;  tem- 
perature, 60° ;  stirring  time,  30  min. 


*  The  digestion  solution  contained:  uranium,  1  gm/liter; 
P2OB,  3  gm/liter;  sodium  hydrosulfite,  3  gm/liter.  Acidity 
was  pH2;  stirring  time,  30  min. 

This  study  indicates  that  sodium  hyposulfite  is  a 
suitable  reducing  agent  for  quantitatively  precipi- 
tating uranium  in  a  medium  containing  phosphate 
ions,  but  its  price  is  relatively  high.  An  attempt  was 
made  to  find  whether  it  could  be  replaced  by  less 
expensive  reducing  agents,  such  as  aluminum  or 
iron. 

Metallic  Aluminum 

With  solutions  produced  by  digestion  of  ore,  ex- 
periments on  reduction  with  aluminum  gave  precipi- 
tation yields  of  86%.  However,  reduction  tests  in  tbe 
presence  of  sodium  sulfite  or  sodium  hydrosulfite 
gave  precipitation  yields  of  98.9%.  The  PaOB/U 
ratio  is  3,  as  in  the  case  of  a  sodium  hydrosulfite 
reduction. 

Although  the  results  obtained  were  encouraging, 
we  turned  toward  the  use  of  iron,  which  is  cheaper. 

Iron 

Reduction  by  means  of  iron  was  likewise  studied 
on  sulfuric  acid  solutions  of  low-grade  ores. 
The  following  points  were  examined: 
Influenre  of  the  amount  of  P2O5  applied:  The 
tests  made  have  shown  that  the  quantity  of  P2O& 
necessary  for  the  total  precipitation  of  uranium  must 
be  equal  to  3  gm/gm  of  uranium. 
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Table  V.    Influence  of  the  U  Concentration* 


Concentration.  U 
gm/  liter 

U  content  of  filtrate  after 
precipitation,  mo/liter 

Precipitation 
efficiency,  % 

3.0 
1.0 
0.5 

6 
17 
18 

99.4 
98.3 
96.4 

*  The  solution  contained :  PaOB/U  ratio,  in  grams,  =  3 ; 
hydro sulfite/U  ratio,  in  grams  =  3 ;  acidity  =  pH  2 ;  stirring 
time  =  30  min. 

Influence  of  the  amount  of  iron  applied:  The  ex- 
periments were  conducted  in  the  cold  by  adding 
disodium  phosphate  after  the  reduction  had  been 
completed  and  the  solution  separated  from  the  excess 
iron,  with  a  digestion  solution  containing  1.58  gm  of 
uranium  per  liter  and  with  an  initial  acidity  of  0.75JV. 

The  results  are  given  in  Table  VI. 

These  results  indicate  that  the  reduction  is  the 
more  rapid  the  greater  the  amount  of  iron  applied, 
that  is,  the  flow  of  nascent  hydrogen  is-  greater.  The 
amount  of  iron  consumed  obviously  depends  only  on 
the  initial  and  final  acidities.  The  consumption  of  iron 
in  these  experiments  is  about  10  parts  for  one  part 
of  uranium. 

Influence  of  temperature:  With  the  same  initial 
solution,  at  a  temperature  of  50°,  with  21  parts  of 
iron  and  3  parts  of  PoOs,  applied  per  part  of  U,  we 
obtained  in  \l/>  hour:  final  acidity,  0.23N;  acid  con- 
sumed Q.52N ;  iron  consumed,  9.2  gm/gm  U;  U  in 
the  filtrate,  61.0  mg/liter;  and  precipitation  efficiency 

96%. 

The  reduction  is  faster  at  50°  than  at  room  tem- 
perature, other  things  being  equal;  on  the  other 
hand,  increasing  the  temperature  has  no  appreciable 
effect  on  the  precipitation  efficiency. 

Influence  of  the  final  acidity  on  the  precipitation 
efficiency:  The  experiments  were  made  under  the 
following  conditions :  U  content  of  initial  solution, 
0.875  gm/liter ;  initial  acidity  of  solution,  0.7AT ; 
amount  of  iron  applied,  60.0  gm/gm  U;  amount  of 
PoOs  applied  (as  disodium  phosphate),  3.0  gm/gm 
U;  temperature,  50°.  The  acidity  and  the  U  content 
of  the  solutions  were  measured  on  samples  taken  at 
regular  intervals.  The  results  are  given  in  Table  VII. 
The  results  indicate  that  to  obtain  an  acceptable 
precipitation  efficiency  it  is  sufficient  to  end  the  re- 
duction at  a  pH  lying  between  2  and  3. 

Comparison  of  Sodium  Hydrosulfite  and 
Iron  Procedures 

The  researches  conducted  with  sodium  hydro- 
sulfite  and  iron  show  that  in  both  cases :  The  P2O5/U 
ratio  should  be  equal  to  3.  The  reduction  should  be 


ended  with  a  pH  lying  between  2  and  3.  The  temper- 
ature has  no  appreciable  effect  on  the  precipitation 
efficiency. 

Table  VII 


Final  acidity 

U  content  of  filtrate  after 
precipitation,  mg/liter 

Precipitation 
efficiency,  % 

0.60 

580 

34 

0.52 

335 

62 

0.46 

150 

83 

0.33 

80 

91 

0.20 

55 

93.5 

0.07 

35 

96 

pH3 

10 

98.8 

Since  the  results  are  satisfactory  with  both  con- 
templated procedures,  comparison  of  the  consump- 
tion and  prices  of  the  two  reagents  led  us  to  adopt 
the  iron  process  for  industrial  use. 

Second  Variant:  Uranous  Pyrophosphate 

The  precipitation  of  uranium  from  the  sulfuric 
acid  solutions  resulting  from  digestion  of  the  ores 
can  be  improved,  under  the  process  previously  de- 
scribed, by  a  variant  which  consists  in  isolating  the 
uranium (IV)  in  the  form  of  the  pyrophosphate. 

The  advantage  of  this  salt  is  its  low  solubility 
which  is  less  than  that  of  uranous  phosphate,  thus 
making  it  possible  to  work  at  higher  acid  concen- 
trations. 

The  result  is  that  the  proportion  of  impurities 
precipitating  with  the  uranium  decreases  and  sub- 
sequent operations  deal  with  a  richer  and  purer 
product  and  may  be  confined  to  a  soda  treatment 
without  preliminary  carbonate  formation. 

The  optimum  conditions  for  precipitation  of  ura- 
nium pyrophosphate  depend  on  various  factors :  (a) 
hydrogen  ion  concentration;  (fr)  relative  sodium 
pyrophosphate  concentration;  and  (c)  foreign  ions 
present  in  the  solution. 

The  effect  of  these  factors  was  studied  in  solutions 
of  uranyl  sulfate  and  synthetic  mixtures,  which  were 
reduced  by  zinc  amalgam  in  order  to  get  the  ura- 
nium(VI)  into  valence  (IV). 

Influence  of  the  Hydrogen   Ion  Concentration 
in  the  Solution 

250  ml  of  a  solution  of  uranyl  sulfate  containing 
250  mg  of  uranium  were  treated,  after  reduction, 
with  sodium  pyrophosphate.  The  uranium  remaining 
in  the  filtrate  was  determined  by  the  fluorimetric 
method.  The  results  are  given  in  Table  VIII.  It  will 
be  seen  that  the  solubility  of  uranous  pyrophosphate 
remains  very  low  up  to  IN  acidity.  It  then  increases, 


Table  VI 


Stirring 
time. 

Acidity 

gm  iron/gm  U 

P«0s  introduced   U  content  of  filtrate 
gm/gm  U          after  precipitation 

Precipitation 
efficiency,  % 

Final 

Consumed 

Applied 

Consumed 

hours 

N 

N 

mg/uifr 

1A 

0.65 

0.10 

32 

1.77 

3 

385 

75 

2H 

0.35 

0.40 

21 

7.1 

3 

78 

95 

1H 

0.20 

0.55 

52 

9.7 

3 

50 

97 

H 

0.20 

0.55 

105 

9.7 

3 

48 

97 

88 
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Table  VIII 


V  content  of  filtrate  after 


Acidity  of  solution,  N 

precipitation  mg/liter 

0.25 

7 

0.5 

6 

1.0 

8 

2 

25 

3 

36 

4 

150 

6 

1000 

and  becomes  complete  at  acidity  6N.  It  should  be 
noted  that  the  solubility  of  uranous  pyrophosphate 
is  independent  of  the  uranium  concentration  of  the 
solutions. 

Influence  of  the  Relative  Concentration  of 
Pyrophosphate  Ions  in  the  Solution 

Uranium  pyrophosphate  dissolves  in  an  excess  of 
sodium  pyrophosphate.  This  led  us  to  study  the  limit- 
ing values  for  the  use  of  this  reagent.  As  the  results 
in  Table  IX  indicate,  this  is  between  1.25  and  2, 
referred  to  the  Na4P2O7/U  ratio.  It  is  therefore 
broad  enough  to  obviate  the  need  of  operating  with 
a  rigorously  exact  amount  of  sodium  pyrophosphate. 

Table  IX 


U  content  of  filter  after 
precipitation,  mg/  liter 


1.25 

2 

3 

4 


7 

8 

20 

45 


Influence  of  Foreign  Ions 

The  foreign  ions  present  in  solution  along  with 
the  uranium  may  interfere  with  the  precipitation  of 
uranium  pyrophosphate:  (a)  by  reacting  with  the 
sodium  pyrophosphate;  (b)  by  forming  complexes 
with  the  uranium;  or  (c)  by  acting  as  catalyst  for 
oxidations,  like  Fe+  +  +,  or  as  a  flocculation  inhibitor. 

Above  all  we  investigated  the  influence  of  iron 
which,  together  with  aluminum,  is  the  principal  im- 
purity of  the  solutions  produced  by  digesting  our 
ores.  These  solutions  likewise  contain  phosphates  and 
a  little  fluorine  which  can  completely  prevent  the 
precipitation  of  the  uranium  when  it  does  not  form 
a  complex. 

The  ferric  iron  is  precipitated  by  the  sodium  pyro- 
phosphate. On  the  other  hand,  aluminum  and  ferrous 

Table  X 


U  content  of 

Content  of 
solutions. 

U  content  of 
filtrate  mgf 
liter  without 

Precipi- 
tation 
efficiency, 

filtrate  mg/  liter 
unth  oxidation 
until  pheno- 
safraninc 

Precipi- 
tation 
efficiency, 

mg/liter 

oxidation 

%    ' 

changes  color 

% 

1000 

71 

93.0 

12.2 

98.8 

1000 

93 

91.0 

20.0 

98.0 

1000 

130 

87.0 

17.0 

98.3 

1000 

75 

92.5 

9.8 

99.2 

1000 

72 

92.8 

10.0 

99.0 

1000 

43 

95.7 

11.0 

98.9 

iron  do  not  precipitate  at  the  acidities  at  which  we 
operate  (0.5 Jv  and  IN).  Consequently,  sodium  pyro- 
phosphate must  be  added  to  the  previously  reduced 
solution. 

When  the  uranium  solutions  contain  iron,  the 
solubility  of  uranium  pyrophosphate  increases. 

The  amount  of  uranium  found  in  the  filtrate  after 
precipitation  rises  from  7  ppm  to  25  ppm.  This  is 
due  to  the  rapid  oxidation  of  the  Fe+  +  upon  contact 
with  the  air,  and  of  the  LI  (IV)  by  Fe+  +  +.  This 
obstacle  is  eliminated  by  adding  thiosulfate. 

After  studying  the  principal  factors  that  can  affect 
the  precipitation  of  uranium  pyrophosphate,  we  en- 
deavored to  adopt  the  results  obtained  to  an  in- 
dustrial process,  fixing  the  experimental  conditions 
as  follows : 

(a)  The  sodium  pyrophosphate  should  be  added 
after  the  reduction  of  the  solution. 

(/;)  The  acidity  of  the  medium  should  not  be 
above  IN  at  the  moment  of  precipitation. 

(r)  The  amount  of  sodium  pyrophosphate  re- 
quired lies  between  values  1.15  and  2  of  the  molec- 
ular ratio  Na4p207/u.  ( In  our  experiments  on  the 
digestion  solutions,  we  use  a  ratio  of  2.) 

When  iron  is  used  to  reduce  the  sulfuric  acid 
digestion  solutions,  at  a  temperature  of  50°,  sulfides 
are  formed  which  affect  the  solubility  of  uranium 
pyrophosphate.  It  is  essential  to-reoxidize  the  solu- 
tions with  air  after  adding  the  sodium  pyrophosphate, 
checking  the  oxidation-reduction  potential  with  phe- 
nosafranine,  in  order  to  obtain  better  precipitation 
efficiency  of  the  uranium  pyrophosphate. 

In  the  solutions  investigated  (Table  X),  having  a 
free  acidity  of  0.8  N9  the  reduction  is  completed  at 
pH  0.7.  At  this  pH  we  observed  only  a  very  slight 
precipitation  of  uranous  phosphate  (less  than  2  mg 
U/liter),  due  to  the  phosphate*  ions  present  in  solu- 
tion. 

The  last  result  enables  us  to  filter  the  digestion 
after  the  reduction  and  before  the  precipitation  of  the 
uranium,  in  order  to  eliminate  the  insoluble  sulfides 
formed  during  the  reduction  of  the  particles  of  metal- 
lic iron  remaining  in  suspension. 

The  pyrophosphates  obtained  assay  25  to  30%  of 
uranium. 

The  principal  impurities  they  contain  are  iron  as 
ferric  pyrophosphate  (which  is  formed  upon  re- 
oxidation  of  the  sulfides  by  the  oxygen  of  the  air), 
a  little  aluminum,  and  some  silica. 

Subsequent  treatment  of  the  uranium  pyrophos- 
phate with  sodium  hydroxide,  the  purpose  of  which 
is  to  eliminate  certain  impurities  (phosphate, 
alumina,  silica) ,  makes  it  possible  to  obtain  products 
assaying  between  50  and  60%  of  uranium. 

There  are  two  advantages  of  isolating  the  uranium 
in  the  form  of  uranous  pyrophosphate:  the  first  is 
that  it  enables  us  to  obtain  a  precipitate  that  is  richer 
in  uranium  (25  to  30%),  in  a  more  acid  medium, 
and  thus  to  increase  the  capacity  at  the  filter  presses. 

The  second  advantage  is  elimination  of  the  car- 
bonate step  which  is  required  in  the  case  of  uranous 
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phosphate,  by  direct  soda  treatment  of  the  precipitate. 
This  enables  us  to  make  substantial  savings. 

DESCRIPTION  OF  THE  INDUSTRIAL  APPLICATION 

The  process  of  precipitation  of  uranous  phosphate 
after  reduction  with  iron  has  been  adopted  in  the 
first  French  factory  treating  low-grade  ores  chem- 
ically, and  has  proved  to  be  perfectly  practicable. 

This  factory  is  located  at  Gueugnon  (Saone-et- 
Loire)  and  processes  ores  from  the  deposits  %at  Grury. 
It  was  constructed  in  1954  for  the  CEA  by  the 
Societe  Potasse  et  Engrais  Chimiques,  which  likewise 
perfected  the  process,  which  comprises:  (a)  crushing 
the  ore,  which  contains  about  \%  of  uranium;  sul- 
furic  acid  digestion  hot ;  and  separation  of  the  diges- 
tion solution  from  the  gangue  by  continuous  filtra- 
tion; (/?)  reduction-precipitation  of  the  uranium  by 
adding  iron  turnings  and  phosphates  followed  by 
filtration  of  the  precipitate;  (c)  conversion  of  the 
uranous  phosphate  contained  in  the  precipitate  into 
sodium  uranate. 

Crushing  the  Ore 

The  low-grade  ores  we  treat,  composed  in  large 
part  of  quartz  and  silica  (60  to  80%),  contain  only 
a  small  portion  of  soluble  elements  (5  to  10%), 
among  which  is  included  uranium,  in  various  miner- 
alogical  forms  :  pitchblende,  autunite,  chalcolite,  gum- 
mite,  etc.  The  uranium  content  of  these  ores  varies 
between  0.6  and  1.2%. 

Crushing  of  the  mineral  is  performed  in  three 
stages :  primary  crushing  in  a  jaw  crusher,  reducing 
the  size  from  300  to  60  mm ;  secondary  crushing  in 
a  gyratory  crusher,  reducing  the  size  from  60  to  25 
mm ;  and  tertiary  wet  grinding  in  a  rod  mill,  reducing 
the  ore  to  40  mesh. 

After  sizing,  the  sludge  obtained  is  sent  to  a 
thickener,  which  supplies  the  digesting  tanks  via  a 
diaphragm  pump. 

The  sulfuric  acid  digestion  is  performed  by  concur- 
rent flow  at  a  temperature  of  70°  in  four  rubber-lined 
tanks,  with  a  solid/liquid  ratio  of  0.75,  and  the 
amount  of  sulfuric  acid  equal  to  150  kg  per  ton  of 
ore,  in  order  to  obtain  solutions  with  the  greatest 
possible  uranium  concentration. 

In  order  to  cut  down  the  consumption  of  sulfuric 
acid,  we  digested  the  ore  in  the  presence  of  man- 
ganese dioxide ;  whenever  the  ore  contained  uranium 
in  the  form  of  pitchblende  we  were  able  to  reduce 
the  consumption  by  two-thirds  in  this  way. 

The  gangues  produced  by  digestion  are  filtered  on 
a  rotating  continuous  horizontal  filter  (constructed 
by  the  Engineering  and  Industrial  Corporation,  Lux- 
embourg) and  washed  with  hot  water.  The  digestion 
solutions  and  the  wash  water,  totaling  a  volume  of 
1600  liters  per  ton  of  ore  treated,  are  then  sent  to 
the  reduction  stage. 

Reduction-Precipitation  of  Uranium 
The  filtered  solution  contains  0.6-1  gm  per  liter 
of  uranium  with  valence  (VI),  0.75  N  of  free  sul- 


furic acid,  and  in  general  enough  P2O6  to  precipitate 
the  uranium,  the  P2O5/U  ratio  being  equal  to  3.  If 
the  quantity  of  PzQr>  is  insufficient,  additional  phos- 
phate is  added. 

The  solution  is  raised  to  a  temperature  of  500°  to 
increase  the  reduction  rate.  (The  temperature  only 
slightly  affects  the  solubility  of  uranous  phosphate.) 

Reduction  is  then  effected  by  adding  more  iron 
turnings  than  is  necessary  to  bring  the  acidity  to  a 
pll  between  2  and  3.  We  have  always  observed  that 
starting  with  an  acidity  of  Q.7SN,  the  amount  of  iron 
was  enough  to  reduce  not  only  the  uranium,  but 
also  the  iron  resulting  from  the  digestion,  as  well  as 
the  other  reducible  elements. 

The  uranous  phosphate  precipitates  out  as  the 
reduction  and  neutralization  go  forward. 

The  operation  takes  about  an  hour.  Decantation 
is  performed  in  such  a  way  as  to  eliminate  a  max- 
imum of  suspended  iron,  and  the  phosphate  is  filtered 
on  a  filter  press. 

The  cake  obtained  contains  iron  sulfate,  origin- 
ating both  in  the  ore  digestion  and  in  digestion  of  the 
iron  turnings  used  in  the  reduction.  It  is  washed  with 
water  so  as  to  eliminate  most  of  the  iron  sulfate. 

Upon  being  taken  from  the  mold,  the  cake  con- 
tains 50%  moisture  and  about  10%  of  uranium, 
calculated  on  the  basis  of  the  dry  substance.  The 
principal  impurity  is  metallic  iron  that  has  been 
swept  along. 

Conversion  into  Sodium  Uranate 

The  cake  containing  the  uranous  phosphate  is 
taken  out  and  put  into  suspension  in  the  proportion 
of  1  ton  of  wet  cake  to  3200  liters  of  water.  One  ton 
of  anhydrous  sodium  carbonate  per  ton  of  wet  cake 
is  then  introduced.  After  dissolving  the  sodium  car- 
bonate, 100  kg  of  sodium  permanganate  dissolved  in 
a  minimum  quantity  of  water  is  added.  The  temper- 
ature is  raised  to  90°,  and  it  is  stirred  for  8  hours 
at  that  temperature. 

The  product  is  then  filtered  on  a  filter  press;  the 
cake  containing  the  impurities  is  washed  with  hot 
water,  about  2500  liters  per  ton  of  cake.  The  residue 
is  then  eliminated. 

The  uranium  present  in  the  solution  in  the  form 
of  sodium  uranyl  carbonate  is  then  precipitated  out 
by  adding  soda ;  and  filtration  yields  a  cake  of  sodium 
uranate  whose  uranium  content,  on  a  dry  basis,  is 
about  65% ;  this  is  then  sent  to  our  central  factory 
at  Bouchet  (Seine-et-Oise)  for  refining  and  con- 
version into  the  metal. 

CONCLUSION 

The  procedure  shows  that  it  is  possible  to  extract 
uranium  chemically  from  ores  of  this  sort  containing 
1%  of  uranium  and  even  to  go  down  to  contents  of 
the  order  of  0.5%  and  even  less,  and  obtain  an  end- 
product  in  the  form  of  sodium  uranate  containing 
60-65%  uranium,  with  a  reasonable  cost  price  and 
a  total  extraction  efficiency  of  between  90  and  95%. 


Recovery  of  Uranium  from  Uranium  Bearing  Alum  Shale 


By  Erik  Svenke,*  Sweden 

So  far  uranium  bearing  alum  shale  represents  the 
only  known  deposits  of  uranium  ore  in  Sweden 
which  are  extensive  enough  to  make  them  important 
as  source  material  for  an  industrial  recovery  of  ura- 
nium. The  recoverable  amount  of  uranium  in  shale 
averaging  about  200  grams  of  U/ton  is  estimated  to 
exceed  100,000  tons.  The  deposits  are  thus  low  grade 
but  available  in  very  large  quantities. 

As  uranium  is  the  only  primary  atomic  fuel,  a 
uranium  industry  based  on  domestic  source  material 
must  be  considered  to  be  of  vital  interest  to  the 
country's  future  atomic  energy  program,  and  there- 
fore, within  the  Swedish  program,  owing  to  the 
above-mentioned  circumstances,  considerable  effort 
has  been  spent  and  is  now  being  spent  on  developing 
industrial  treatment  methods  for  the  recovery  of 
uranium  from  these  ores. 

In  some  horizons  of  the  richest  shale  layers  there 
are  to  be  found  lenses  of  a  highly  carboniferous 
material,  named  "kolm,"  averaging  about  0.3%  ura- 
nium, i.e.,  substantially  higher  than  the  surrounding 
shale.  In  view  of  anticipated  difficulties  in  develop- 
ing treatment  methods  for  the  recovery  of  uranium 
from  shale,  and  also  because  of  the  need  to  establish 
a  small  production  very  quickly,  the  first  effort  was 
started  at  the  end  of  the  1940's  with  "kolm." 

The  specific  gravity  of  "kolm"  is  lower  than  that 
of  shale  and  it  can  therefore  be  separated  by  means 
of  a  so-called  heavy-media  technique,  well  known 
from  ore-dressing  technique,  especially  coal  cleaning. 
For  this  purpose  a  small  plant  was  built.  It  operated 
for  some  years,  and  the  "kolm"  produced  was  treated 
in  a  leaching  process  for  uranium  recovery. 

It  was,  however,  quite  evident  that  the  need  of 
uranium  for  a  future  program  could  not  be  met  in 
this  way,  and  investigations  were  simultaneously 
carried  out  in  order  to  obtain  methods  to  recover 
uranium  from  the  large  quantities  of  the  easily  avail- 
able shale,  and  the  experience  obtained  from  the 
"kolm"  treatment  was  then  of  great  help. 

During  the  development  period  and  up  till  the 
building  of  an  industrial  plant  for  the  shale  treatment, 
no  information  from  abroad  was  available  on  this 
subject 

After  the  testing  of  the  methods  in  a  pilot-plant, 
a  small  industrial  plant  was  constructed.  It  was  put 
into  operation  in  the  summer  of  1953  and  has  been 
running  ever  since.  The  factory  scale  requires  an 
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increase  on  the  laboratory  scale  of  10,000  times.  With 
such  an  increase  in  scale  many  problems  will  of 
course,  occur,  which  have  not  appeared  during  the 
laboratory  tests,  i.e,  problems  of  heat  transfer  and 
material  handling.  It  must  also  be  pointed  out  that 
the  choice  of  the  most  suitable  unit  operations  for 
carrying  out  unit  processes  worked  out  on  laboratory 
scale  is  of  great  importance  to  the  economic  result. 

These  alum  shales  are  sedimentary  rocks  formed 
through  sedimentation  of  a  sapropel  in  a  shallow 
bay.  Then  it  has  been  drained  and  subjected  to 
metamorphosis.  These  shales  are  composed  of  sil- 
icates, mainly  quartz  and  mica,  microcrystalline 
pyrite  and  an  organic  kerogen  substance.  A  typical 
chemical  analysis  is  given  in  Table  I. 

The  process  used  at  the  plant  at  present  means  a 
chemical  leaching  with  sulphuric  acid  solution  in 
several  steps  at  about  60°C,  the  maximum  concen- 
tration of  the  acid  in  the  leaching  being  about  180 
grams  H2SO4/litre.  The  main  part  of  the  uranium 
content  is  then  dissolved  out  at  a  much  higher  selec- 
tivity than  the  other  inorganic  components.  Besides 
the  uranium,  many  other  ions,  especially  iron,  alumi- 
nium, magnesium,  potassium  and  titanium  are,  how- 
ever, obtained  in  the  solution. 

The  choice  of  the  acid  concentration  of  the  leach 
solutions  as  well  as  the  choice  of  the  temperature  at 
the  leaching  is  a  technical  and  economic  matter. 
Higher  acid  concentration  and  higher  temperature 
will  result  in  the  dissolution  of  more  aluminium  due 
to  the  decomposing  of  the  more  acid-resistant  min- 
erals, while  lower  concentration  and  lower  tempera- 
ture give  a  slower  dissolution  of  the  uranium.  With 
the  process  in  question  the  acid  consumption  should 
be  kept  at  65  kg  H2SO4/metric  ton  of  shale. 

After  the  separation  of  the  pregnant  leach  solution 
from  the  solid  residue,  the  uranium  is  recovered  by 
selective  precipitation  as  a  fourvalent  phosphate,  the 
necessary  phosphate  ions  already  being  available  in 
the  solution  due  to  the  decomposing  of  the  phosphates 
contained  in  the  shale  material.  The  precipitation  has 
a  remarkable  pH-sensitivity,  which  can  be  seen  from 
Fig.  1. 

In  addition,  the  character  of  the  precipitation  and 
its  completeness  also  depend  on  the  concentration  of 
many  of  the  other  ions,  and  the  most  suitable  con- 
ditions will  thus  vary  for  different  kinds  of  solutions. 
This  simple  recovery  process  is  therefore  best  applied 
to  homogeneous  basic  materials,  as  in  this  case.  The 
pregnant  solution  shows  no  large  variation  in  its 
composition.  After  the  precipitation  process  in  such 
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Figure  1.  Mg   U/l   in   filtrate 

solutions  a  uranium  content  of  about  10  mg/litre  can 
be  reached  in  the  residue  solution. 

Other  recovery  methods  can  also  be  used  for  this 
kind  of  solution.  In  pilot  scale  units  tests  have  thus 
been  made  with  adsorption  on  anion  exchange  resins 
of  the  sulphate  complex,  in  which  the  uranium  is 
involved  in  these  solutions,  as  well  as  with  elution  by 
means  of  sulphuric  acid  or  chloride  solutions.  (In 
the  laboratory  model  liquid  extraction  by  means  of 
alkyl  phosphates  has  also  been  tested.) 

In  order  to  avoid  stream  pollution  the  solutions 
remaining  after  the  recovery  of  uranium  are  treated 
with  lime  for  neutralization  and  precipitation  of 
iron  and  aluminium  mainly.  The  resulting  slurry  is 
pumped  to  the  dump  for  the  solid  leach  residue  where 
the  precipitate  is  retained.  The  clear  remaining  solu- 
tion is  pumped  into  a  small  stream. 

Of  the  various  hydrometallurgical  treatment  meth- 
ods available  for  the  recovery  of  uranium  from  ores 
and  similar  products,  the  following  possibilities  can 
be  considered:  leaching  of  finely  ground  material 
under  agitation  and  separation  through  filtration  or 
sedimentation  or  percolation  leach  in  sumps  with 
filter  bottom. 

For  technical  and  economic  reasons  percolation 
leach  has  been  chosen,  the  choice  being  governed 
by  many  factors,  for  example  the  slimy  character  of 
finely  ground  shale  which  causes  unfavourable  filtra- 
tion and  sedimentation  characteristics.  Besides,  leach- 
ing of  a  finely  ground  material  gives  only  a  small 
gain  in  yield  as  compared  with  the  treatment  of  a 
somewhat  coarser  material.  Waste  disposal  in  the 
rather  populous  farming  district  where  the  plant  is 
situated  would  also  be  very  troublesome  in  case  the 
residue  should  come  out  in  form  of  a  thickened 


underflow  slurry  instead  of  the  easily  self -draining 
residues  after  a  percolation  leach. 

The  percolation  leach  requires,  however,  a  definite 
screen  analysis  of  the  feed  material  to  permit  a  good 
dissolution  within  a  reasonable  time  (i.e.,  the  mate- 
rial should  not  be  too  coarse)  as  well  as  permitting 
satisfactory  solution  flow  characteristics  (i.e.,  not 
too  finely  ground  material,  containing  no  substantial 
quantity  of  dust).  Thus  the  grinding  system  of  the 
mill  is  of  the  greatest  importance. 

The  actual  ore  body  contains  big  lenticular  con- 
cretions of  bituminous  limestone,  causing  a  content 
of  limestone  in  the  run  out  of  mine  material.  In  order 
to  lower  the  acid  consumption  in  the  leaching  process 
a  heavy-media  separation  unit  is  also  included  in  the 
general  flow-sheet  treating  the  coarse  crushed  shale- 
limestone  mixture  in  order  to  eliminate  the  lime- 
stone. 

The  flow-sheet  for  the  plant  is  shown  on  Figs. 
2  and  3. 

Some  details  of  the  unit  operations  may  be  of 
general  interest. 

The  heavy-media  unit  works  with  a  feed  —100 
mm  +6  mm  and  separates  shale  as  a  float  product 
with  a  specific  gravity  of  mainly  22  but  partly 
reaching  2.5,  and  limestone  as  a  sink  product  with 
a  gravity  of  2.6.  As  a  medium  a  suspension  of  mag- 
netite in  water  is  used,  the  pulp  containing  around 
32%  solid  iron  oxide  by  volume.  Magnetite  in  wash 
waters  from  washing  screens  for  float  and  sink  mate- 
rials is  recovered  in  the  usual  way  by  means  of 
magnetic  separators  and  before  re-use  demagnetized 
in  a  solenoid  coil,  as  shown  in  the  flow-sheet. 

The  prepared  shale  is  fed  to  the  vats  by  a  stainless 
steel  belt  and  a  screw-conveyor  movable  over  the 
vats  and  distributing  the  material  evenly  over  the  sur- 
face. A  small  quantity  of  steam  is  also  fed  into  the 
conveyor  causing  a  temperature  rise  in  the  feed  and 
also  an  agglomeration  of  the  dust  to  the  coarser 
grains.  These  arrangements  serve  to  avoid  any  sizing 
of  the  material,  when  fed  to  the  vats  as  otherwise  chan- 
nelling may  occur  during  the  leaching  causing  un- 
even percolation. 

The  emptying  of  the  vats  is  carried  out  by  means 
of  a  special  hydraulic  device,  developed  for  this 
purpose.  Around  the  end  of  a  rubber  hose  lowered  in 


Table  I.  Chemical  Analysis.  Moisture  at  a  Temperature  of  110°C  —  O.74% 


Loss  on  ignition: 

760°C 
26.64% 

850°C 

900  °C                              970  °C 

650  °C 

26.06% 

26.95% 

27.02%                              27.36% 

SiO2  =  48.03% 
Ti02  -  0.74% 
A1208  -  9.80% 
CaO  -  0.56% 
MgO  -  1.06% 
Na20  -  0.30% 
K20  -  2.92% 

U8O8    =  0.026% 
Fc208  -  8.38  % 
MoO3  -  0.05  % 
P206     =  0.17  % 
MnO    -  0.015% 
V2O6    -  0.008%; 
Cr2O8  -  0.001% 
CuO     =  0.003% 

(S  =  5.72%  in 
SOs 
Loss  on  ignition 

dried  sample) 
=  0.44%  in  sample  calcined  at  900°C 
=  27.02%  in  sample  calcined  at  900°C 

Total        63.41%      + 


8.65% 


27.46%  -  99.52% 
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Figure  4.  Karbate  heat  exchanger 

the  vat  is  formed  a  suspension  from  residue  material 
and  water.  The  rubber  hose  is  connected  to  the 
suction  side  of  a  piston  pump,  and  the  suspension  is 
suctioned  out  of  the  vat  and  pressed  in  one  step 
through  a  pipeline  to  the  dump,  400  meters  from 
the  plant. 

As  most  of  the  solutions  in  the  plant  are  strongly 
corrosive  on  metal  constructional  materials  a  range 
of  acid  resistant  material  had  to  be  chosen  to  lit 
different  needs  in  the  operations.  Thus,  the  follow- 
ing materials  have  mainly  been  used :  acid-proof 
stone,  rubber  lining,  plastic  lining,  rubber  and  plastic 
tubes  and  impervious  graphite. 

A  couple  of  pictures  (Figs.  4-6)  will  illustrate 
the  operations. 

An  estimate  of  the  industrial  need  of  uranium  in 
Sweden  within  10  to  20  years  presximes  a  yearly 
treatment  of  between  1  million  and  2  million  tons  of 
shale,  if  all  the  uranium  supply  has  to  be  recovered 
from  this  source  material,  i.e.,  a  large  but  quite 
reasonable  industrial  operation. 


Figure  5.  Percolation  vats 


Such  a  size  will  certainly  also  enable  a  substantial 
reduction  of  the  production  cost,  and  the  present 
small  unit  is  intended  to  serve  as  a  full  scale  exper- 
imental plant,  where  experience  is  gained  for  the 
future  industrial  requirements  in  this  field. 


Some  Aspects  of  the  Chemical  Treatment  of 
Portuguese  Uranium  Ores 

By  F.  Videira,  P.  Marrecas  Ferreira  and  J.  D.  Almeida/  Portugal 


In  the  field  of  the  utilization  of  uranium-bearing 
deposits,  Portugal  has  a  tradition  that  goes  back  to 
the  beginnings  of  "radioactivity,"  the  first  phase  of 
the  recent  atomic  era. 

We  were  exporting  our  ores  to  France  as  early 
as  1908,  where  they  were  treated  in  the  factory  at 
Nogent.  From  1913  to  1926  our  country  manufac- 
tured (Barracao-Guarda  Mill)  pure  salts  of  radium, 
radium-bearing  barium  sulfate,  and  uranium  salts.1 

For  the  next  20  years,  the  activity  of  our  mines 
and  refineries  was  intermittent  and  greatly  reduced. 

This  activity  was  resumed  around  1945;  its  pur- 
pose now  was  the  production  of  uranium  concen- 
trates, but  there  is  only  one  private  concern  regularly 
functioning  on  a  genuinely  industrial  scale. 

Profiting  by  the  experience  already  gained,  the 
Portuguese  Commission  for  Nuclear  Energy  Studies 
in  collaboration  with  the  Nuclear  Energy  Committee, 
has  begun  to  study  the  question  of  the  chemical 
concentration  and  the  production  of  pure  uranium 
oxide  on  a  laboratory  scale  to  determine  the  optimum 
conditions  in  each  case. 

We  feel  that  by  giving  some  information  on  our 
own  problems  and  the  general  lines  we  are  following 
in  our  research  in  this  note,  we  are  carrying  out  the 
objectives  of  this  Conference. 

The  subsoil  of  European  Portugal  chiefly  con- 
tains secondary  uranium  minerals  (autunite,  torber- 
nite),  plus  pitchblende  as  well  all  usually  associated 
with  small  amounts  of  sulfides  (pyrites,  galena).  The 
known  veins  are  all  in  the  granitic  regions  of  the 
Center  and  the  North. 

The  ores  are  of  various  grades  but,  although  the 
Nuclear  Energy  Committee  is  only  at  the  beginning 
of  systematic  prospecting,  past  experience  enables  us 
to  suppose  that  normal  exploitation  of  these  veins 
could  regularly  supply  us  with  raw  material  having 
a  U3O8  content  of  0.3-0.6%.  There  are  richer  ores. 

Our  own  known  ores  include  many  that  easily 
give  up  their  uranium  upon  treatment  with  dilute 
acid  or  even  with  water,  when  the  latter  has  a  low 
pH,  upon  passing  through  the  pyrites.  This  circum- 
stance makes  possible  economical  dressing  of  pure 
ores  by  hydro-lixiviation. 

In  addition  to  small  amounts  of  lead,  copper  and 


Original  language:  French. 

*  Nuclear  Energy  Research  Center,  Chemistry  Laboratory, 
Lisbon. 


arsenic,  we  usually  find  70-80%  of  SiO2  (two- 
thirds  of  which  at  least  are  "free"  silica),  up  to  0.6% 
(sometimes  more)  of  P2O5,  and  7-12%  of  iron  and 
aluminum  oxides. 

The  Boltwood  ratio  is  close  to  3.2  X  107. 

In  most  cases  the  industrial  recovery  of  uranium 
from  these  ores  requires  oxidizing  action  at  the 
same  time. 

We  must  first  choose  acid  or  alkali  (sodium  car- 
bonate) treatment. 

Although  the  latter  solution  is  of  interest  in  cer- 
tain respects,  we  feel  that  treatment  with  dilute  sul- 
furic  acid  in  the  presence  of  small  amounts  of  an 
oxidizing  agent  is  preferable  (this  was  not  the  case 
for  the  extraction  of  radium). 

This  is,  moreover,  the  method  that  is  required 
almost  everywhere  today  for  these  types  of  ores. 

This  attack  leaves  undissolved  the  Ra  (especially 
in  the  presence  of  Ba+  +  ),  the  Pb,  and  almost  all 
the  silica  and  makes  it  possible  to  render  90%  or 
more  of  the  uranium  soluble  even  in  the  cold. 

The  principal  interfering  substances,  which  par- 
tially go  into  solution,  are  iron,  aluminum  and  phos- 
phate. 

In  order  to  choose  the  most  favorable  operating 
conditions,  the  following  variables  should  be  studied  : 
(1)  grain  size,  (2)  temperature,  (3)  H2SO4  con- 
centration of  the  digesting  liquor,  (4)  ore/solution 
ratio,  (5)  percentage  of  oxidizing  agent  (generally 
pyrolusite),  and  (6)  length  of  digestion. 

Actually,  the  first  two  factors,  which  are  very 
strongly  dependent  on  economic  factors,  should  be 
settled  first  and  will  be  practically  constant.  For  ex- 
ample, a  grain  size  will  be  fixed  corresponding  to 
passage  through  144  mesh/cm2  screen,  and  an  initial 
temperature  near  the  ambient.  Factor  4  is  to  some 
extent  linked  to  3,  but  in  practice  it  should  be  chosen 
as  the  maximum  value  of  the  ratio,  permitting  easy 
stirring  and  circulation  of  the  sludge  and  a  good 
subsequent  separation,  by  decantation  and  filtration, 
of  the  solution  from  the  solid  phase. 

Finally,  the  study  for  each  type  of  ore  the  uranium 
content  of  which  should  not  be  less  than  a  given 
value  (for  example,  0.3%  of  U3O8),  is  in  most  cases 
limited  to  the  effect  of:  (3)  the  acid  concentration, 
(5)  the  percentage  of  oxidizing  agent,  and  (6)  the 
length  of  digestion. 

These  three  variables  are  not  independent,  but 
statistical  examination  of  the  problem  makes  it 
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possible  to  set  up  procedures  under  which  the  num- 
ber of  experiments  can  be  suitably  small. 

A  typical  example,  for  a  rich  sample,  gave  us  by 
way  of  preliminary  conclusions :  grain  size,  144/cm2 ; 
initial  temperature,  room  temperature ;  solution  con- 
centration, 50  gm/1  of  H2SO4;  solid/liquid  ratio, 
1/3  to  1/1  (weight/volume) ;  pyrolusite  (65% 
MnO2),  2%;  recovery  (solubilized  U),  85-90%. 

It  should  not  be  forgotten  that  these  are  laboratory 
tests.  In  order  to  extrapolate  the  results  to  the  in- 
dustrial scale,  we  must  first  select  the  type  of 
apparatus;  this  is  the  "chemical  engineering"  angle. 
For  example,  digestion  time,  a  variable  of  great 
economic  importance,  may  be  reduced  in  practice 
by  adopting  well-designed  apparatus.  Once  the  choice 
has  been  made,  the  "transfer"  coefficients  of  results 
obtained  in  the  laboratory  with  standard  accelerated 
tests  (acid  consumption,  oxidizing  agent  consump- 
tion, viscosity  or  fluidity  of  the  sludge,  etc.),  will  be 
known  after  a  little  practice. 

We  stress  the  importance  of  the  "chemical  en- 
gineering" angle;  where  recent  progress  makes  it 
possible  to  hope  for  new  and  more  profitable  ideas, 
and  of  industrial  operations  using  "solid-liquid" 
systems. 

Solubilization  is  the  first  step  in  obtaining  the 
concentrate.  Two  hypotheses  arise  in  our  case,  both 
of  which  have  been  tried  in  Portugal,  though  only 
one  of  them  on  the  industrial  level. 

(A)  A  rich  product  (>60%  of  U3O8)  is  wanted. 
The  solution  is  treated  with  an  excess  of  Na2CO8  (or 
NaOII  +  Na2COa)  in  order  to  form  a  uranium 
complex.  This  element  is  then  precipitated  from  the 
liquid  phase  by  lowering  the  pH  (or  by  raising  it 
greatly,  with  NaOH).  Generally,  sodium  uranate 
is  obtained.  The  technical  difficulties  involved  in  this 
procedure  are  well  known. 

(5)  A  relatively  lean  product  will  do  (20-25% 
U3O8).  To  achieve  this,  we  raise  the  pH  slightly 
(6-7),  but  take  care  to  have  as  much  uranium  as 
possible  in  the  solid  phase;  hence  we  precipitate  at 
the  same  time  considerable  quantities  of  aluminum 
and  iron  hydroxide  and  phosphate.  This  second  solu- 
tion requires  closer  control  but  it  is  undoubtedly 
cheaper. 

We  ignore  the  question  of  transportation  which 
is  of  secondary  importance  by  and  large  if  very 
great  distances  are  not  involved. 

The  concentrate  is  to  be  converted  into  pure  oxide, 
and  the  way  to  obtain  purification  is  extraction  of 
solutions  of  nitrates  with  a  solvent.  Consequently, 
the  first  step  will  be  to  dissolve  the  concentrate  in 
nitric  acid.  Some  impurities  are  also  soluble,  repre- 
senting useless  consumption  of  acid.  This  is  a  strong 
argument  against  the  type  B  concentrate,  which  has 
a  percentage  of  iron,  aluminum,  calcium,  and  mag- 
nesium oxides  and  phosphate  that  may  total  more 
than  50%.  A  Portuguese  concentrate  with  60-88% 
of  U8O8  (type  A}  gave  us  a  total  of  11.21%  of 
these  impurities  upon  analysis.  To  this  must  be  added 


the  Na2O  of  the  uranate,  about  7%,  or  in  other 
words  we  still  have  more  than  18%  of  foreign  sub- 
stances that  may  be  soluble.  It  would  therefore  seem 
that  we  should  concentrate  more  highly  ( >  80% 
U3O8),  which  may  be  costly  if  we  start  with  average 
contents  of  0.5,  or  else  we  adopt,  as  a  first  stage, 
the  preparation  of  a  type  B  concentrate,  which  will 
give  a  solution  of  good  purity  and  rich  in  uranium 
after  treatment  with  sodium  carbonate.  After  addi- 
tion of  a  suitable  amount  of  nitric  acid,  the  liquid 
can  go  into  the  cycle  of  extraction  with  an  organic 
solvent. 

The  treatment  with  carbonate  will  not  be  ex- 
pensive. In  this  case  it  seems  to  yield  "sludges"  that 
can  easily  be  filtered  and  represents  a  purification 
that  is  already  selective  when  performed  in  this 
phase.  Then,  by  selecting  the  solvent,  we  may  expect 
that  specific  precipitation  with  H2O2  can  be  elim- 
inated without  injury  to  the  purity  of  the  final  oxide. 

At  present,  we  are  examining  a  solution  of  this 
nature,  which  apparently  is  being  used  in  other 
countries.  Other  methods  of  concentration  will  be 
examined  subsequently. 

We  have  already  referred  to  hydro-lixiviation, 
which  is  done  in  Portugal,  as  a  very  simple  means 
of  treating  low-grade  ores.  The  mining  section  of 
the  Commission  for  Nuclear  Energy  Studies  is  now 
studying  another  method:  flotation.  It  is  not  yet 
known  whether  its  application  to  Portuguese  industry 
is  urgent. 

Obviously,  the  two  possible  concentration  methods 
we  envisaged  are  not  the  only  possible  ones.  Starting 
with  the  liquid  coming  from  the  solubilization  sec- 
tion, a  concentrate  can  be  obtained  by  means  other 
than  the  classic  precipitation  after  filtration  or  de- 
cantation.  Indeed,  elimination  of  the  "concentrate" 
phase  is  of  interest  and  should  be  examined. 

As  for  the  digestion  of  these  ores,  the  simplest 
reagents  are  used,  produced  by  heavy  chemical 
industry:  sulfuric  acid,  sodium  carbonate. 

It  does  not  seem,  therefore,  that  this  first  phase 
can  be  improved  as  for  the  chemical  process  itself. 
As  we  said,  progress  should  come  from  the  tech- 
nological side. 

However,  there  will  be  important  changes  in  the 
chemical  procedure  when  complex  minerals  are  in- 
volved, such  as  samarskite,  euxenite,  etc.  The  same 
will  be  true  for  the  treatment  of  certain  raw  mate- 
rials that  are  very  poor  in  valuable  by-products,  and 
are  sometimes  delicate. 

For  the  time  being  we  have  not  dealt  with  the 
treatment  of  our  complex  minerals  from  Mozam- 
bique. For  very  poor  ores  and  for  residues,  at  the 
present  time,  we  only  contemplate  such  recovery  of 
uranium  as  can  be  effected  simply  and  cheaply. 

We  are  only  at  the  beginning  of  our  task. 
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Acid  Pressure  Leaching  of  Uranium  Ores 


By  P.  M.  J.  Gray/  Australia 

The  concentration  of  uranium  from  many  of  its 
ores  is  usually  effected  by  hydrometallurgical  pro- 
cesses applied  directly  to  the  ore  itself  without  prior 
separation  of  the  uranium-bearing  mineral.  Less  fre- 
quently some  degree  of  mechanical  separation  of  the 
gangue  and  uranium  mineral  is  practised  prior  to 
chemical  treatment.  The  chemical  concentration 
method  consists,  in  outline,  of  treating  the  ore,  or 
concentrate,  with  a  solvent  to  dissolve  the  uranium 
as  selectively  as  practicable,  separating  the  solid 
residue  from  the  liquor  and  then  treating  the  liquor 
for  the  recovery  of  uranium  to  give  a  product  con- 
taining not  less  than  80%  UaOg.  The  solvents  most 
used  are  dilute  sulphuric  acid  and  sodium  carbonate 
solution  but  the  former  is  generally  preferred  unless 
the  ore  contains  minerals  that  make  the  acid  con- 
sumption excessive.  In  addition  some  sort  of  chem- 
ical oxidant  must  be  present  during  digestion  of 
primary  uranium  minerals  to  oxidise  the  tetravalent 
uranium  to  the  more  soluble  hexavalent  state.  Whilst 
the  ex-works  price  of  the  principal  reagents  used  in 
acid  leaching,  sulphuric  acid  and  the  oxidant,  may 
not  be  excessively  high,  the  price  at  a  uranium  treat- 
ment plant  in  a  remote  locality  may  be  several  times 
higher.  This  sort  of  problem  applies,  for  example,  to 
Australia  where  distances  are  great  and  transport 
often  costly.  Consequently  consideration  has  been 
given  to  methods  of  reducing  reagent  consumption. 

The  technique  of  acid  pressure  leaching  provides 
one  way  in  which  reagent  consumption  may  be  re- 
duced. In  the  USA  it  has  recently  been  shown1  that 
sulphide  minerals  can  be  oxidised  in  an  aqueous 
suspension  with  compressed  oxygen  at  temperatures 
above  about  130°C  fast  enough  to  make  this  an 
economic  proposition  for  producing  soluble  sulphates. 
Ferrous  sulphate,  for  example,  thus  produced  can 
be  oxidised  a  step  further  to  ferric  sulphate  which, 
by  hydrolysis,  breaks  down  into  an  insoluble  basic 
iron  compound  and  sulphuric  acid.  The  sequence  of 
reactions  for  pyrite  can  be  simply  expressed  as : 

2FeS2  +  7O2  +  2H20 

-»2FeS04  +  2H2S04          (1) 

2FeSO4  +  H2SO4  +  i/2O2 

5±Fca(S04)a  +  H30  (2) 

Fe2(SO4)3  +  6H2O 

^±2Fe(OH3H  +  3H2SO4  (3) 
In  ores  where  iron  sulphides  are  associated  with 
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uranium  minerals  these  reactions  can  be  utilised  to 
generate  sulphuric  acid  in  situ  for  leaching  the  ura- 
nium. In  favourable  circumstances  no  acid  or  chem- 
ical oxidant  need  be  added  to  the  leaching  vessel; 
the  only  reagents  required  are  water  and  oxygen 
under  pressure.  Forward  and  Halpern2  have  re- 
cently published  data  showing  that  this  has  been  done 
on  certain  Canadian  uranium  ores. 

Acid  pressure  leaching  is  also  a  possible  method 
of  reducing  reagent  consumption  in  treating  ores 
containing  refractory  uranium  minerals.  Minerals 
which  break  down  only  slowly  with  relatively  strong 
acid  under  atmospheric  conditions  may,  in  some 
cases,  be  leached  with  less  acid  and  in  shorter  time  if 
digestion  is  carried  out  at  a  temperature  of,  say 
150°C  or  more. 

The  ore  samples  used  in  this  investigation  were 
representative  of  both  types  of  uranium  ore  just  de- 
scribed. The  ore  from  the  Rum  Jungle  in  the  North- 
ern Territory  contains  uraninite  associated  with  iron 
and  copper  sulphides  and  a  siliceous  slaty  gangue  and 
is  ideally  suited  for  investigation  of  in  situ  acid 
generation.  At  Radium  Hill,  in  South  Australia,  the 
uranium  mineral,  davidite,  is  a  complex  uranium- 
rare-earth-iron-titanate  which  requires  relatively 
strong  acid  to  effect  decomposition  at  atmospheric 
pressure. 

Preliminary  investigations  were  carried  out  on  a 
small  laboratory  scale  in  batch  type  operation.  To 
substantiate  the  results  from  the  preliminary  inves- 
tigation on  the  Rum  Jungle  ore  a  larger  unit  treating 
a  continuous  ore  stream  was  designed  and  operated. 

LEACHING  OF  RADIUM  HILL  CONCENTRATE 

Radium  Hill  ore  is  amenable  to  physical  concentra- 
tion and  the  tests  described  here  were  carried  out  on 
such  a  concentrate.  The  composition  of  davidite  pre- 
cludes, however,  the  preparation  of  a  concentrate  suf- 
ficiently rich  in  uranium. 

In  devising  a  new  method  of  leaching  this  con- 
centrate two  specific  improvements  are  desirable: 
(a)  a  means  of  reducing  acid  consumption;  (b)  a 
means  of  producing  a  liquor  containing  less  iron  and 
titanium  which  may  be  particularly  troublesome 
during  subsequent  treatment. 

Typical  results  obtained  in  conventional  leaching 
of  davidite  concentrates  at  atmospheric  pressure  are 
summarized  in  Table  I.  These  results  were  obtained 
by  treating  a  concentrate  containing  0.7%  U3O8  and 
ground  to  —  ISO  +  200  mesh.  Eight  hours'  diges- 
tion was  used. 
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Table  I.     Leaching  of  Radium  Hill  Concentrate 
at  Atmospheric  Pressure  and  100°C 


TiOt  concn., 

Fe9O3  concn., 

Acid  used 

Pulp  density 

U30tex- 

of  liquor 

of  liquor 

Ib/ton* 

%  solids 

traction 

gm/l 

gm/l 

610 

45.5 

89.5 

0.37 

>50 

765 

40.0 

91.2 

0.66 

>50 

920 

357 

92.3 

0.68 

>50 

920 

45.5 

91.8 

1.06 

>50 

*  Acid  concentrations  throughout  this  paper  are  expressed 
as  pounds  of  98%  f^SO*  per  short  ton  (2000  Ib)  of  ore. 

These  results  show  that  to  get  satisfactory  ura- 
nium extractions  (>90%)  relatively  large  amounts 
of  acid  must  be  used  but  that  at  the  same  time  the 
iron  and  titanium  concentrations  in  the  liquor  are 
higher  than  desirable  for  subsequent  operations. 

The  pressure  leaching  tests  were  carried  out  with 
25.0  gm  of  concentrate  pulped  with  25.0  cm8  of 
dilute  acid.  The  autoclave  had  a  capacity  of  330  cm3 
and  was  rotated  on  an  inclined  axis  during  digestion 
to  stir  the  pulp.  An  internal  baffle  further  aided  mix- 
ing and  aeration.  Before  being  heated  the  autoclave 
was  loaded  with  oxygen  under  pressure  to  provide 
an  oxidant  for  the  iron  in  solution  and  thus  promote 
removal  of  iron  by  hydrolysis.  A  resistance  winding 
round  the  autoclave  was  used  to  heat  it. 

In  the  pressure  leaching  tests  the  amount  of  acid 
and  length  of  time  were  varied.  The  temperature  in 
each  test  was  150°C  and  the  total  working  pressure 
about  100  psig.  Results  are  summarized  in  Table  II. 

Table  II.     Pressure  Leaching  of  Radium  Hill 
Concentrate 


Extraction 

Ti09  cone. 

Fen  Ot  cone. 

Acid  used 

Time 

of  U308 

of  liquor 

of  liquor 

Ib/ton 

hr 

% 

gm/l 

gm/l 

205 

3 

63.0 

<0.05 

0.70 

205 

6 

73.6 

<0.05 

0.60 

306 

3 

86.9 

<0.05 

3.05 

306 

6 

94.7 

<0.05 

2.85 

306 

6 

90.3 

<0.05 

3.12 

The  best  uranium  extractions  in  these  tests  were 
as  good  as  or  better  than,  those  obtained  in  non- 
pressure  leaching  using  only  a  third  as  much  acid 
and  in  less  time.  Furthermore  the  titanium  concen- 
trations were  greatly  reduced  as  were  the  soluble 
iron  concentrations. 

LEACHING  OF  RUM  JUNGLE  ORE 

The  main  purpose  of  the  tests  on  Rum  Jungle  ore 
was  to  discover  whether  enough  acid  could  be  gen- 
Table  III.     Chemical  and  Screen  Analyses  of 
Rum  Jungle  Ore  Sample 


Chemical 

Per  cent 

Screen 
B.S.S.  mesh 

Per  cent 

U»08 

Cu 

s 

Fe 
AhOs 
Si02 

0.47 
2.71 

3.00 
4.0 
22.8 
52.7 

-444-60 

-60  +  100 
-100  +  150 
-150  +  200 
-200 

18.0 
10.0 

10.2 
2.5 
59.0 

crated  in  situ  to  get  uranium  extractions  comparable 
with  those  obtainable  under  atmospheric  conditions. 
The  tests  were  also  designed  to  find  what  the  opti- 
mum conditions  for  leaching  were. 

The  chemical  and  screen  analyses  of  the  ore  sample 
used  are  given  in  Table  III. 

Typical  uranium  extractions  from  the  ore  sample 
in  cold  atmospheric  leaching  are  given  in  Table  IV. 
The  ore  samples  were  treated  at  50%  solids  in  the 
presence  of  3%  MnO2  as  an  oxidant.  Time  of  diges- 
tion was  twenty-four  hours. 

Table  IV.     Leaching  of  Rum  Jungle  Ore  at 
Atmospheric    Pressure 


Acid  used 

tfA 

Ib/ton 

extraction,  % 

153 

89.0 

205 

90.6 

306 

92.8 

Pressure  leaching  tests  were  carried  out  in  like 
manner  to  those  on  the  Radium  Hill  concentrate  ex- 
cept that  the  ore  was  pulped  at  50%  solids  with  water 
instead  of  dilute  acid.  The  effect  of  four  controllable 
variables,  time,  temperature,  oxygen  partial  pressure 
and  degree  of  grinding,  upon  the  uranium  extraction 
was  studied  independently.  The  amount  of  soluble 
copper  and  sulphate  produced,  the  iron  concentra- 
tion and  the  pH  value  of  the  liquor  were  also  noted 
in  each  run.  These  results  are  summarised  in  Tables 
V  to  VIII. 

The  relatively  high  uranium  extraction  at  nil 
oxygen  partial  pressure  is  probably  attributable  to 
the  presence  of  some  sulphate  in  the  original  ore 
sample.  Theoretically  only  1.7%  of  the  sulphur  in 
the  ore  need  be  converted  to,  or  present  as,  sulphate 
to  provide  for  the  solution  of  all  the  uranium,  as 
uranyl  sulphate.  In  practice,  of  course,  more  is 
required  due  to  the  consumption  of  sulphate  by  other 
soluble  minerals.  Most  of  the  iron  in  the  liquors  was 
in  ferrous  form ;  in  the  first  run  entirely  ferrous. 

The  lower  uranium  extractions  obtained  with  the 
most  finely  ground  material  were  believed  to  be  due 
to  the  viscous  nature  of  the  pulp  which  prevented 
adequate  stirring  and  aeration.  It  appears  that  ore 
of  the  screen  analysis  given  in  Table  III  is  near  to 
the  optimum  physical  condition  for  pressure  leaching. 

In  most  of  the  tests  listed  in  Table  V  to  VIII 
uranium  extractions  appreciably  better  than  those 

Table  V.     Effect  of  Variations  in  Oxygen   Partial 

Pressure  in  Pressure  Leaching  Rum  Jungle  Ore 

Temperature:  140°C;  Time:  2  hours 


Oxygen 
partial 
Pressure 
psi 

tf/V* 

traction 
% 

Cu 
extrac- 
tion 

% 

Percent  of 
S  con- 
verted to 
SO- 

F*,0f 
cone, 
in  liquor 
gm/l 

pHof 

liquor 

nil 

29.0 

nil 

6.8 

2.18 

3.78 

40 

80.5 

22.6 

19.1 

1.08 

1.86 

80 

90.1 

43.6 

31.5 

1.69 

1.72 

140 

94.3 

56.4 

41.2 

1.62. 

1.56 

200 

98.0 

57.9 

41.7 

1.30 

1.76 
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Table  VI.     Effect  of  Variations  in  Temperature  in 

Pressure  Leaching  Rum  Jungle  Ore.  Oxygen  Partial 

Pressure:  140  psi;  Time:  2  hours 


Tempera- 
ture °C 

U»O«  ex- 
traction, % 

Cu  extrac- 
tion, % 

Fe2O»  con- 
%  of  S  con-    centration 
verted  to        in  liquor 
SO*  =              Km  /I 

fHof 
Itquor 

100 

47 

19.9 

13.1  Not  detected 

3.65 

140 

94.3 

56.4 

41.2            1.61 

1.56 

180 

98.6 

87.1 

74.6           0.90 

1.09 

200 

98.5 

86.5 

76.4           0.60 

1.23 

Table  VII.     Effect  of  Variations  in  Time  in  Pressure 

Leaching  Rum  Jungle  Ore.  Temperature:  180°C; 

Oxygen  Partial  Pressure:! 40  psi 


Time 
hr 


UiOs  ex-      Cu  cxtr de- 
traction, %      tion,  % 


FeaO«  fon- 

%  of  S  con-    ctntration 
verted  to        in  liquor  i>H  of 

SO* -  gm/l  liquor 


0.5 

93.0 

43.5 

35.6 

1.60 

1.49 

1.0 

95.3 

60.0 

37.4 

1.50 

1.25 

2.0 

98.6 

87.1 

74.6 

0.90 

1.09 

Table  VIII.     Effect  of  Variation   in   Degree  of 

Grinding  in  Pressure  Leaching  Rum  Jungle  Ore. 

Temperature:  140°C;  Oxygen  Partial  Pressure: 

120  psi;  Time:  2  hours 


UiOs  extrac- 
Degree  of  grinding                   tion,  % 

Cu  extrac- 
tion. % 

pa  of 
Itquor 

(21.5%  -14  +44  mesh 

85.2 

40.5 

1.73 

(51.4%  -200  mesh 

100%  -Ji  in.+  14  mesh 

33.1 

10.6 

2.30 

As  in  Table  III 

91.3 

42.7 

1.70 

As  in  Table  III 

95.3 

56 

1.25 

Ball  milled  extra 

two  hours 

92.1 

59.5 

1.41 

Ball  milled  extra 

12  hours 

86.4 

28.0 

1.63 

obtained  in  cold  leaching  were  achieved  without 
adding  any  acid  at  all.  Nor  was  any  oxidant  apart 
from  compressed  oxygen,  required.  Other  ways  in 
which  these  results  showed  improvement  over  cold 
leaching  were: 

(a)  The  leaching  was  much  more  rapid.  Better 
uranium  extractions  were  obtained  by  leaching  at 
180°  C  for  30  minutes  than  were  obtained  in  24 
hours  by  cold  leaching. 

(6)  The  leaching  was  more  selective  with  respect 
to  impurities  like  iron  and  aluminum.  The  ignited 
ammonia  precipitate  from  a  cold  leach  liquor  nor- 
mally contains  only  25-30%  U8O8  whereas  from  a 
pressure  leach  liquor  it  contains  about  50%  UaO8. 

(c)  The  degree  of  grinding  required  is  less.  Up 
to  93%  of  the  uranium  can  be  extracted  in  cold 
leaching  if  the  ore  is  ground  to  80%  —200  mesh  but 
better  extractions  than  this  could  readily  be  obtained 
in  pressure  leaching  when  only  about  60%  of  the 
ore  was  —200  mesh. 


These  results  showed  that  high  uranium  extrac- 
tions were  attained  either  at  140°  C  in  two  hours 
digestion  or  at  180-200°  C  in  only  one  hour.  Since 
an  oxygen  pressure  of  120-140  psi  was  used  in 
each  case  the  total  working  pressure  would  be  lower 
at  the  lower  working  temperature.  However,  if 
equally  good  extractions  could  be  achieved  at  180- 
200°C  at  a  much  lower  oxygen  pressure,  working 
pressures  would  be  comparable.  To  see  whether 
this  could  in  fact  be  clone,  two  further  runs  were 
carried  out  and  the  results  are  summarised  in 
Table  IX. 

Table  IX.     Effect  of  Variations  in  Oxygen  Partial 
Pressure  at  200°C  in  Pressure  Leaching  Rum 
Jungle  Ore.  Temperature:  200°C;  Time:  1  hour 


Oxygen 
partial 
pressure 
psi 

U.O.**. 
traction 
% 

Cu 
extrac- 
tion 
% 

Percent  of 
S  con- 
verted to 
S04- 

F*.0, 

cone, 
of  liquor 
gm/l 

pHof 
hquor 

35 

89 

10.6 

27.9 

1.55 

1.52 

55 

96 

26.9 

40.8 

1.90 

1.04 

The  total  working  pressure  used  in  these  tests 
was  200-250  psig  which  is  approximately  the  same 
as  that  required  to  get  high  uranium  extractions 
at  140°C.  However,  if  the  equivalent  working  pres- 
sures be  computed  when  air  is  used  under  the  same 
conditions  it  is  found  that  the  total  pressure  at 
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200°  C  will  be  about  410  psig  and  at  140°  C  about  650 
psig.  Since  also  at  the  higher  temperature  the  rate 
of  leaching  is  twice  as  fast,  it  was  considered  that 
the  conditions  of  180-200°C  and  an  oxygen  partial 
pressure  of  40-45  psi  were  the  more  advantageous. 

CONTINUOUS  PRESSURE  LEACHING  REACTOR 

The  above  tests  on  Rum  Jungle  ore  were  carried 
out  under  rather  limited  conditions ;  for  example,  the 
the  oxygen  pressure  was  not  maintained  by  constant 
replenishment,  the  pulp  was  not  efficiently  aerated 
and  some  leaching  undoubtedly  occurred  during  the 
heating-up  period  which  is  not  included  in  the 
recorded  times.  To  enable  data  to  be  collected  under 
conditions  which  were  not  so  limited  a  small  reactor 
was  built  capable  of  treating  about  two  kilograms 
of  ore  per  hour  with  both  the  ore  pulp  and  the 
oxidising  gas  fed  in  continuously.  The  principle 
of  this  reactor  is  shown  diagrammatically  in  the 
accompanying  sketch.  The  plant  was  designed  to 
operate  at  temperatures  up  to  200°  C  and  total  pres- 
sures up  to  500  psig.  It  consisted  of  a  mild  steel 
shell  lined  with  stainless  steel  (titanium  stabilized 
austenitic  )with  all  ancillary  equipment  made  of  the 
same  stainless  steel.  No  corrosion  trouble  has  been 
experienced  and  this  is  thought  to  be  due  to  the 
relatively  low  free  acidities  combined  with  oxidising 
conditions  and  possibly  also  the  inhibiting  effect  of 
dissolved  copper.  The  pulp  is  agitated  and  aerated  by 


air  injected  through  an  annular  tuyere.  There  are 
no  moving  parts  within  the  reactor  and  the  pulp 
is  not  agitated  vigorously  enough  to  cause  abrasion 
of  the  lining.  The  composition  of  the  pulp  through- 
out the  reactor  was  constant  so  that  fresh  pulp 
entered  a  system  that  was  already  hot  and  acid. 
Under  these  conditions  the  retention  time  of  the 
pulp  in  the  reactor  was  only  an  average  one  but 
nevertheless  leaching  was  found  %to  be  more  rapid 
than  in  batch  operation.  The  pulp  level  in  the  vessel 
was  indicated  by  a  radioactive  Co60  source  in  a 
glass  float  whose  position  could  be  located  with  an 
external  Geiger  counter  placed  behind  a  horizontal 
slit  in  a  lead  shield. 

In  this  reactor  Rum  Jungle  ore  has  been  treated 
so  that  more  than  95%  of  the  uranium  was  leached 
in  a  retention  time  of  only  50  minutes  at  180°  C  and 
an  oxygen  partial  pressure  of  40  psi  (total  working 
pressure  about  370  psig).  These  results  compare 
more  than  favorably  with  those  obtained  in  the  pre- 
liminary series  of  tests  and  help  to  fulfill  further 
the  promise  that  this  technique  shows  for  treating 
certain  uranium  ores. 
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The  South  African  Uranium  Industry 

By  C.  S.  McLean*  and  T.  K.  Prentice, t  Union  of  South  Africa 


HISTORICAL  DEVELOPMENT  OF  SOUTH   AFRICAN 
URANIUM  INDUSTRY 

The  first  published  reference  to  the  existence  of 
uranium  in  the  gold  ores  from  the  Witwatersrand 
series  of  conglomerates  was  made  by  R.  A.  Cooper 
in  a  paper  read  before  the  Chemical,  Metallurgical 
and  Mining  Society  of  South  Africa  in  October, 
1923. 

In  1922,  the  Central  Mining-Rand  Mines  Group, 
which  at  that  time  was  responsible  for  the  milling 
of  49%  of  the  total  ore  being  milled  on  the  Wit- 
watersrand, decided  to  change  over  from  plate 
amalgamation  to  corduroy  concentration  for  the 
recovery  of  the  free  gold  in  the  ore.  The  primary 
reasons  for  this  change  were  to  lessen  the  mercurial 
poisoning  hazard  and  the  theft  hazard  and  to  reduce 
the  consumption  of  mercury.  The  change-over  to 
corduroy  on  the  sixteen  large  gold  producers  of 
the  Group  was  carried  out  during  1922  and  1923. 

A  result  of  the  change  was  that  the  amount  of 
concentrate  collected  daily  was  in  excess  of  the 
capacity  of  the  amalgamation  barrels  and  it  was 
therefore  decided  to  reconcentrate  the  corduroy  con- 
centrate on  reciprocating  tables.  An  examination  of 
the  products  on  these  tables  revealed  the  presence 
of  considerable  quantities  of  osmiridium  and  steps 
were  immediately  taken  to  recover  as  much  of  this 
osmiridium  as  possible.  The  net  result  was  that, 
whereas  the  osmiridium  recovery  for  the  Witwaters- 
rand was  510  oz  in  1921,  it  rose  to  5764  oz  in  1924. 

During  this  investigation  the  presence  of  minerals 
not  previously  observed  in  Witwatersrand  concen- 
trates was  noticed  on  the  Wilfley  tables  during  re- 
concentration  and  samples  of  these  minerals  were 
taken  to  the  Rand  Mines  Laboratory  where  analyses 
were  carried  out,  which  resulted  in  establishing  the 
existence  of  uranium  in  Witwatersrand  ores.  A 
photograph,  hitherto  unpublished,  is  shown  here- 
under,  which  illustrates  the  radioactivity  of  products 
obtained  from  the  samples  submitted  to  the  Rand 
Mines  Laboratory. 

The  significance  of  the  existence  of  uranium  in 
Witwatersrand  ores  was  not  appreciated  until  about 
1944  when  a  world-wide  search  was  instituted  to 
find  the  raw  materials  which  were  required  for  the 
manufacture  of  atomic  bombs. 

Early  in  the  Second  World  War  the  United  States 
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and  the  United  Kingdom  Governments  formed  a 
"Combined  Development  Agency,"  whose  chief 
function  was  to  find  uranium  for  both  of  these 
countries  for  the  production  of  nuclear  energy. 

In  1944,  an  American  geologist,  Weston  Bourret, 
visited  the  Witwatersrand  when  on  his  way  to 
Madagascar,  and  he  submitted  a  secret  report  to 
the  United  States  Government  on  the  occurrence  of 
uraninite  in  amalgamation  barrel  residue.  This  led 
Dr.  G.  W.  Bain,  Professor  of  Geology  at  Amherst 
College,  Massachusetts,  and  consultant  to  the  United 
States  atomic  bomb  undertaking,  the  Manhattan 
Project,  to  make  a  radiometric  examination  of  two 
specimens  of  Witwatersrand  ore  in  his  possession, 
which  confirmed  the  presence  of  radioactive  minerals 
in  these  ores.  He  made  a  secret  report  to  the  com- 
bined American  and  British  Authorities  and,  as  a 
result,  these  two  Governments  approached  the  South 
African  Government  in  1945  about  the  possibility 
of  extracting  uranium  from  Witwatersrand  gold 
ores.  At  the  same  time,  Dr.  Bain  and  Dr.  C.  F. 
Davidson,  Chief  Geologist  of  the  Atomic  Energy 
Division  of  the  Geological  Survey  of  Britain,  visited 
South  Africa. 

The  first  quantitative  assessment  of  the  uranium 
potentialities  of  the  Witwatersrand  goldfield  in  the 
light  of  modern  requirements  was  made  by  these 
two  men  and  Dr.  Davidson's  report  in  October,  1945, 
to  the  Department  of  Scientific  and  Industrial  Re- 
search in  London  ended  with  these  significant  words: 

"Present  evidence  appears  to  indicate  that  the 
Rand  may  be  one  of  the  largest  low-grade  uranium 
fields  in  the  world." 

The  findings  of  Bain  and  Davidson  indicated  that 
the  uranium  in  Witwatersrand  ores  was  many  times 
more  plentiful  than  gold. 

The  South  African  Government,  with  Field- 
Marshal  Smuts  as  Prime  Minister,  took  the  keenest 
interest  in  the  uranium  developments  and  the  Prime 
Minister  informed  the  President  of  the  Transvaal 
Chamber  of  Mines  that  this  was  a  matter  of  vital 
importance  to  South  Africa.  He  stated  that  the 
Government  desired  to  ascertain  the  magnitude  of  the 
Witwatersrand  uranium  deposits  and  how  these 
deposits  could  best  be  developed.  The  whole-hearted 
support  of  the  Gold  Mining  Industry  was  pledged. 

The  Prime  Minister  set  up  a  Uranium  Research 
Committee,  with  Dr.  B.  F.  Schonland  as  Chairman, 
and  on  which  were  represented  the  Gold  Mining 
Industry,  the  Department  of  Mines,  the  Department 
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of  External  Affairs  and  the  Geological  Survey.  The 
work  of  this  Committee  was  helped  by  various  sub- 
committees, one  of  which  was  the  Geological  Sub- 
Committee.  The  chief  task  of  this  sub-committee 
was  to  value  the  uranium  potential  of  every  produc- 
ing and  developing  gold  mine  and  to  evaluate  samples 
from  all  boreholes.  In  the  course  of  this  work,  over 
400,000  samples  sent  forward  by  the  various  mining 
companies  to  the  Geological  Survey  were  tested 
for  uranium  by  Geiger-Miiller  counter.  Thus  were 
the  potentialities  of  the  mines  assessed. 

A  Government  Metallurgical  Laboratory  Technical 
Sub-Committee  comprising  four  members  was  also 
formed  to  assist  the  Uranium  Research  Committee. 
This  sub-committee  was  expanded  in  October,  1946, 
and  comprised  the  Government  Mining  Engineer 
as  Chairman,  the  Director  of  the  Government 
Metallurgical  Laboratory,  Dr.  B.  F.  Schonland,  one 
member  of  the  Gold  Producers'  Committee  of  the 
Chamber  of  Mines,  six  of  the  Gold  Mining  Industry's 
senior  Consulting  Metallurgists  and  one  Consulting 
Electrical  and  Mechanical  Engineer  from  the  In- 
dustry. This  sub-committee  started  an  investigation 
at  the  Government  Metallurgical  Laboratory 
(G.M.L.)  into  methods  of  treating  South  African 
ores  for  uranium  recovery. 

Similar  research  programmes  were  initiated  at  the 
Chemical  Research  Laboratory  at  Teddington, 
England,  and  at  the  Massachusetts  Institute  of 
Technology  (M.I.T.)  and  elsewhere  in  the  United 
States  of  America  and  all  reports  from  overseas  on 
South  African  ores  were  made  available  to  the 
Government  Metallurgical  Laboratory  Technical 
Sub-Committee. 

Dr.  Schonland  and  the  Director  of  the  Govern- 
ment Metallurgical  Laboratory  visited  Britain  and 
the  United  States  of  America  at  the  end  of  1946 
and  Dr.  Bain  and  Dr.  Davidson  again  visited  the 
Union  in  1947  at  the  same  time  as  Dr.  A.  M.  Gaudin 
of  M.I.T.  Thus  a  close  liaison  was  maintained 
between  the  overseas  investigators  and  the  G.M.L. 
Technical  Sub-Committee. 

To  facilitate  research  work  at  the  G.M.L.  it  was 
necessary  to  second  thereto  a  number  of  employees 
of  the  Gold  Mining  Industry. 

Initial  research  at  the  G.M.L.  was  directed  toward 
gravity  and  flotation  concentration  with  the  purpose 
of  reducing  the  tonnage  that  would  otherwise  require 
to  be  leached  with  sulphuric  acid  to  permit  the 
recovery  of  uranium  therefrom.  By  means  of  flotation 
plus  acid  leaching  of  the  flotation  concentrate  it 


would  have  been  possible  to  recover  uranium  at  a 
lower  cost  per  pound  but  there  would  have  been  a 
considerable  reduction  in  the  amount  of  uranium 
recovered.  However,  the  G.M.L.  Sub-Committee 
was  informed  by  higher  authority  that  maximum  out- 
put was  the  vital  issue,  notwithstanding  the  increased 
cost  thereof,  and  consequently  the  Sub-Committee 
was  directed  toward  acid  leaching  of  the  total  ore. 
Satisfactory  extractions  were  obtained  by  this  me- 
thod on  ores  submitted  by  many  mines  to  the  G.M.L. 
and  it  was  then  decided  to  erect  two  pilot  plants, 
one  at  Blyvooruitzicht  and  the  other  at  Western 
Reefs,  both  of  which  mines  appeared  to  be  certain 
to  become  uranium  producers,  provided  a  satisfactory 
price  for  the  uranium  could  be  negotiated.  These 
pilot  plants  were  started  up  in  October,  1949,  and 
February,  1950,  respectively,  and  were  kept  in 
operation  until  1953  when  these  mines  did,  in  fact, 
become  large  uranium  producers. 

In  the  meantime,  research  work  was  continued 
at  the  G.M.L.  and  by  the  end  of  1950  sufficient 
information  was  available  to  permit  the  recommenda- 
tion of  a  satisfactory  metallurgical  flow-sheet  for 
uranium  recovery  from  Witwatersrand  ores,  with 
sufficient  data  to  indicate  likely  recoveries  and  prob- 
able cost  of  recovery.  Moreover,  information  was 
available  as  to  which  were  the  most  promising 
potential  uranium  producers. 

In  May,  1948  there  was  a  change  in  the  South 
African  Government  and  Dr.  D.  F.  Malan  suc- 
ceeded Field-Marshal  Smuts  as  Prime  Minister. 
The  new  Government  displayed  the  same  keenness 
as  the  previous  Government  to  make  South  Africa  a 
leading  uranium  producer. 

In  September  1948,  the  South  African  Atomic  Act 
was  promulgated.  This  Act,  which  was  amended 
by  Act  No.  8  of  1950,  reserves  to  the  State  the 
ownership  of  "prescribed  materials"  as  well  as  the 
right  to  prospect  and  mine  for  them.  "Prescribed 
material"  is  defined  in  Government  Gazettes  of  the 
10th  March,  1950f  and  the  28th  July,  1950,  as  any 
substance  containing  more  than  0.006  per  cent  U3O8 
— equivalent  to  0.12  Ib  or  1.75  troy  oz  per  ton — 
or  more  than  0.5  per  cent  ThO2.  The  Act  enables 
the  State  to  grant  authority  for  the  mining  and 
extraction  of  prescribed  materials.  The  Act  also  pro- 
vided for  the  formation  of  the  Atomic  Energy 
Board  which  is  the  body  which,  on  behalf  of  the 
South  African  Government,  deals  with  all  matters 
relating  to  uranium. 

In  November  1949,  at  the  invitation  of  the  Union 
Government,  representatives  of  the  United  States 
Atomic  Energy  Commission  and  the  Government  of 
the  United  Kingdom  arrived  in  South  Africa  to 
discuss  problems  relating  to  the  production  of 
uranium. 

Discussions  took  place  between  the  mission  and 
representatives  of  the  South  African  Government 
and  the  Gold  Mining  Industry,  but  these  were  solely 
of  an  exploratory  nature  and  no  finality  was  reached 
in  these  talks.  It  was,  however,  decided  that  the 
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mission  would  return  towards  the  end  of  1950  and  at 
similar  talks  in  November  and  December  1950, 
agreement  was  reached  to  the  effect  that  South 
Africa  would  undertake  to  produce  uranium  oxide 
for  sale  to  the  Combined  Development  Agency. 
The  agreement  was  along  the  following  lines : 

1.  The  Atomic  Energy  Board  would  grant  au- 
thority to  approved  applicants  to  mine  and  produce 
uranium. 

2.  The  capital  required  to  install  uranium  plants 
and  pyrite  recovery  and  sulphuric  acid  plants  re- 
quired by  the  uranium  industry  would  be  loaned 
by  the  purchasers  of  the  uranium  output,  subject 
to  the  repayment  of  these  loans  during  the  ten-year 
period  of  the  purchasing  contract. 

3.  The  required  uranium  output  for  the  ten-year 
contract  was  agreed  and  the  purchasers  were  given 
the  first  refusal  of  any  amounts  in  excess  of  that 
quantity. 

4.  Production    should    be    commenced    with    the 
least  possible  delay. 

5.  The  selling  price  of  the  uranium  oxide  was 
related  to  the  cost  of  production,  including  an  allow- 
ance for  amortisation  of  the  capital  cost  of  the  plant, 
in  such  a  way  that  there  was  an  incentive  to  the 
producer  to  keep  working  costs  as  low  as  possible.  It 
was  calculated  that  the  selling  price  would  ensure  a 
reasonable  margin  of  profit  to  the  producer. 

6.  In  establishing  the  price  formula,  cognisance 
was  taken  of  the  fact  that  the  South  African  Govern- 
ment had  made  it  clear  that  all  uranium  profits,  like 
profits  by  the  Gold  Mining  Industry  from  the  re- 
covery of  silver  and  osmiridium,  would  be  combined 
with  the  gold  mining  profits  of  the  producing  com- 
pany and  be  subjected  to  taxation  on  the  same  basis 
as  the  profits  from  gold.  On  the  other  hand,  it  was 
also   made   clear   that   amortisation   of  the   capital 
expenditure  on  account  of  uranium  would  be  per- 
mitted by  the  South  African  Government  on  exactly 
the    same    basis    as    capital    expenditure    in    gold 
mining. 

7.  The  recovery  of  uranium  was  to  be  considered 
essentially  a  by-product  recovery  and  was  not  in  any 
way  to  affect  adversely  the  recovery  of  gold. 

8.  To  minimise  health  hazards,  the  final  product 
would  be  taken  from  each  mine  in  the  form  of  a  wet 
slurry  and  be  delivered  to  a  central  works  where 
it  would  be  dried,  calcined  and  sampled  prior  to  being 
packed  in  drums  and  shipped  overseas. 

9.  The  Sellers  were  to  maintain  secrecy  concern- 
ing the  extraction  process,  the  terms  of  the  contract 
relating  to  price,  the  grades  of  ore  treated,  the  rates 
of  extraction  and  the  tonnages  and  destination  of  the 
product  to  be  delivered. 

The  1950  agreement  provided  for  uranium  produc- 
tion by  only  four  mines  but  by  the  end  of  1951  the 
urgency  of  stepping-up  uranium  output  was  so  press- 
ing that  the  Combined  Development  Agency  made 
an  approach  to  the  Atomic  Energy  Board  and  asked 
that  the  South  African  output  be  increased  very 
materially.  The  Board  agreed  to  this  proposal,  which 
necessitated  bringing  many  more  gold  mines  into 


the  uranium  industry.  At  the  same  time,  it  was 
agreed  that  the  selling  price  formula  would  be 
amended  whereby  a  higher  price  per  Ib  of  UsOs 
would  be  paid  to  all  South  African  producers. 

The  foregoing  terms  apply  with  little  change  at 
the  present  time,  and  the  approved  uranium  pro- 
ducers and  the  location  of  the  uranium  plants  (as 
at  the  end  of  April,  1955  and  April,  1956)  are 
shown  in  Table  I. 

Table  I  discloses  that,  in  terms  of  the  foregoing 
programme,  26  mining  companies  have  been  accepted 
as  uranium  producers  and  that  the  ores  from  these 
companies  will  be  treated  in  15  uranium  plants. 

OCCURRENCE   AND    DISTRIBUTION    OF    URANIUM 
IN  WITWATERSRAND  ORES 

The  gold  ores  of  the  Witwatersrand  exist  as  thin 
layers  of  conglomerate,  locally  known  as  "reefs," 
separated  from  each  other  by  interbedded  quartzites 
or  shales,  which  form  part  of  the  Witwatersrand 
series  of  sediments. 

The  ore-bearing  reefs  are  made  up  of  closely 
packed  rounded  quartz  pebbles,  set  in  a  mineralized 
quartzitic  matrix,  which  carries  the  valuable  con- 
stituents comprising  gold,  silver,  osmiridium,  pyrites, 
uranium  and,  on  rare  occasions,  diamonds.  The 
pebbles  themselves  and  the  beds  of  quartzite  and 
shale  between  the  reefs  are  virtually  barren  of 
valuable  mineral. 

Uranium  occurs  in  the  matrix  of  the  conglomerate 
as  free  grains  of  uraninite,  of  which  the  major  con- 
stituents are  oxides  of  uranium.  Sometimes  the 
uraninite  is  closely  associated  with  or  embedded  in 
a  carbonaceous  material  which  could  be  described 
as  a  variety  of  the  hydrocarbon  thucholite  with  rela- 
tively low  thorium  content.  Thucholite  is  a  hydro- 
carbon of  variable  composition  containing  variable 
amounts  of  thorium,  uranium,  carbon,  oxygen, 
hydrogen,  rare  earth  oxides  and  silica,  and  its  name 
is  derived  from  the  first  four  of  these  elements. 

There  is  no  close  association  between  pyrite  and 
uraninite  in  Witwatersrand  ores.  There  is,  however, 
in  individual  mines,  an  apparent  association  between 
gold  and  uraninite  but  this  is  probably  merely  co- 
incidental because  of  the  association  between  gold 
and  carbon  on  the  one  hand  and  uraninite  and  car- 
bon on  the  other.  For  example,  in  some  mines  high 
uranium  values  are  found  with  high  gold  values, 
and  vice  versa.  However,  other  mines  may,  on  the 
average,  have  relatively  high  gold  values  associated 
with  low  uranium  values  and  still  other  mines  may 
have  relatively  low  gold  values  and  high  uranium 
values. 

Uranium  is  found  in  virtually  all  of  the  Wit- 
watersrand reefs  but,  in  some  areas,  such  as  that 
from  Roodespoort  in  the  near  West  to  Springs  in 
the  near  East  Rand,  the  uranium  contents  of  the 
gold  ores  already  mined,  or  to  be  mined,  are  unlikely 
to  be  high  enough  to  make  its  extraction  an  economic 
proposition.  Thus  the  vast  deposits  of  sand  and 
slime  residues  existing  in  that  area  are  likely  to 
be  worthless  from  the  uranium  aspect. 
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Table  I.     Approved  Uranium  Producers 


Mining  company 


Location  of 
uranium  plant 


Date  of 

commencement 

of  plant 


West  Rand  Con- 
solidated 
Mines,  Ltd. 

Daggafontein 
Mines,  Ltd. 

Blyvooruitzicht 
G.M.  Co.,  Ltd. 

Western  Reefs 
Expl.  and 
Dev.  Co.,  Ltd. 

Stilfontein 
Ellaton 

Afrikander  Lease 
New  Klerksdorp 
Babrosco 

Randfontein  Estates 
G.M.  Co.  W.,  Ltd. 

East  Champ  d'Or 
G.M.  Co.,  Ltd. 

Luipaards  Vlei  Es- 
tate and 
G.M.  Co.,  Ltd. 

Vogelstruisbult 
G.M.  Areas,  Ltd. 

President  Steyn 

G.M.  Co.,  Ltd. 
President  Brand 

G.M.  Co.,  Ltd. 
Free  State  Geduld 

Mines,  Ltd. 
Western 

Holdings,  Ltd. 

Welkom 

G.M.  Co.,  Ltd. 
Freddies 

Consolidated. 

Harmony  G.M. 
Company,  Ltd. 


West  Rand  Cons. 

Daggafontein 

Blyvooruitzicht 

Western  Reefs 
Stilfontein 

Randfontein 

Luipaards  Vlci 
Vogelstruisbult 

President  Stcyn 


October,  1952 
April,  1953 
April,  1953 

September,  1953 
September,  1953 

February,  1954 

November,  1954 
December,  1954 

January,  1955 


Welkom 


Harmony 


January,  1955 
March,  1955 


20  companies         11  uranium  plants       as  at  April,  1955 


Dominion  Reefs 

(Klerksdorp)  Ltd.        Dominion  Reefs 

Virginia  O.F.S. 

G.M.  Co.,  Ltd. 
Merriespruit 

(O.F.S.)  Virginia 

G.M.  Co.,  Ltd. 

West  Driefontein 

G.M.  Co.,  Ltd. 
Doornfontein  West  Driefontein 

G.M.  Co.,  Ltd. 

Vaal  Reefs  Expl. 

and  Vaal  Reefs 

Mining  Co.,  Ltd. 


June,  1955 


September,  1955 


March,  1956 


March,  1956 


26  companies  15  uranium  plants      as  at  April,  1956 


The  Main  Reef  series  of  the  Witwatersrand  sys- 
tem, from  which  the  bulk  of  the  Witwatersrand  gold 
output  has  been  obtained  to  date,  are  not  the  only 
reefs  in  the  Witwatersrand  geological  system.  Many 
other  reefs  exist  above  and  below  the  Main  Reef 
series  (mostly  above)  and  these  other  reefs  are 
likely  to  prove  more  important  as  uranium  carriers 
than  the  Main  Reef  series. 

Starting  from  the  upper  strata  of  reefs,  from 
which  uranium  is  being  or  will  be  recovered  and 
descending  downwards,  the  first  are  the  Elsburg 
Reefs  from  which  the  Western  Reefs  mine  is  re- 
covering uranium.  Next  are  the  Kimberley  Reefs 
from  which  Daggafontein  and  Vogelstruisbult  are 
extracting  uranium.  Then  comes  the  Bird  Reef 
series,  including  the  Monarch  Reef  and  the  White 
Reef,  relatively  low  in  gold  content  but  high  in 
uranium  values,  from  which  East  Champ  d'Or, 
Luipaards  Vlei,  West  Rand  Consolidated  and  Rand- 
fontein Estates  are  recovering  uranium.  The  gold 
content  of  this  series  is  generally  insufficient  to  cover 
the  costs  of  gold  mining  and  gold  recovery,  but  the 
uranium  content  will  be  responsible  for  the  mining 
of  large  tonnages  of  ore  which  otherwise  would  be 
left  unworked.  The  Monarch  Reef  also  appears  in 
the  Klerksdorp  district  under  the  name  of  the  Vaal 
Reef  and  in  the  Orange  Free  State  under  the  name 
of  the  Basal  Reef.  Uranium  is  being  recovered,  or 
will  be  recovered,  from  these  reefs  by  Stilfontein, 
Vaal  Reefs,  New  Klerksdorp,  Ellaton,  Western 
Reefs,  Freddies  Consolidated,  Welkom,  Western 
Holdings,  President  Steyn,  President  Brand,  Free 
State  Geduld,  Harmony  and  Virginia. 

Then  come  the  unimportant  Livingstone  and 
Johnstone  reef  zones  and  then  the  Main  Reef  series 
of  which  the  carbon  leader  at  the  bottom  of  the 
series  is,  from  the  uranium  point  of  view,  the  most 
significant.  This  is  being  worked  for  gold  and 
uranium  by  West  Driefontein,  Blyvooruitzicht  and 
Doornfontein  on  the  Far  West  Rand. 

Below  the  Main  Reef  series  is  the  Government 
reef  zone,  which  is  worked  in  its  upper  formations 
for  uranium  at  Babrosco  and  at  Afrikander  Lease 
Areas. 

Then  comes,  as  the  lowest  of  all  the  reefs,  the 
Dominion  Reef  series  worked  for  uranium  only  by 
the  Dominion  Reefs  mine. 

On  some  mines,  such  Blyvooruitzicht  and  West- 
ern Reefs,  which  in  the  past  have  milled  large 
tonnages  of  gold  ore  which  was  deposited  after 
treatment  in  residual  slime  dams,  these  dams  are 
being  reclaimed  and  treated  with  current  ore  for 
uranium  recovery.  On  other  mines,  such  as  Dagga- 
fontein and  Vogelstruisbult,  there  are  residual  slime 
dams  with  relatively  low  uranium  content  but  these 
dams  are  also  being  reclaimed  and  subjected  to  the 
flotation  process  by  which  means  a  concentrate,  rela- 
tively high  in  uranium  value,  is  recovered  and 
treated  with  current  ore  in  the  uranium  plants.  At 
Merriespruit  the  whole  of  the  current  residue  from 
the  gold  recovery  section  will  be  floated  to  give  a 
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uranium  concentrate  which  will  be  treated  in  the 
Virginia  uranium  plant. 

On  some  gold  mines  which  currently  mine  different 
reefs,  it  has  been  possible  to  keep  the  ores  which 
are  relatively  high  in  uranium  content  entirely  sepa- 
rate from  ore  relatively  low  in  uranium  content  by 
treating  the  latter  in  a  separate  section  of  the  gold 
plant  or  in  an  entirely  separate  gold  plant  and  then 
passing  only  the  gold  residues  relatively  high  in 
uranium  content  into  the  uranium  plant.  Vogel- 
struisbult,  Daggafontein,  Luipaards  Vlei,  West 
Rand  Consolidated  and  Randfontein  fall  into  this 
category. 

The  uranium  industry  remains  secondary  to  the 
gold  industry  in  South  Africa  and  consequently, 
with  the  exception  of  the  near  West  Rand  area, 
it  is  the  gold  content  of  the  ore  which  primarily 
decides  whether  or  not  it  shall  be  milled.  Since  the 
uranium  plants  have  to  take  whatever  ore  passes 
through  the  gold  plant  there  is,  with  the  exception 
of  the  near  West  Rand  area,  no  close  control  of 
uranium  values  entering  the  uranium  plants. 

SOUTH   AFRICAN    URANIUM  METALLURGICAL 
PRACTICE 

Before  the  advent  of  the  uranium  industry,  the 
residues  from  the  gold  plants  were  pumped  to  slime 
dams  for  storage.  The  solids  delivered  to  these  dams 
were  accompanied  by  at  least  their  own  weight  of 
a  cyanide  lime  solution  containing  some  gold  in 
solution.  This  solution  settled  out  on  the  dams  and 
about  one-third  of  the  total  solution  was  reclaimed 
by  decantation  and  returned  to  the  gold  plant  where 
the  cyanide  and  lime  were  reused  and  portions  of 
the  gold  recovered. 

With  the  advent  of  the  uranium  plant  it  became 
necessary  to  pass  the  residue  from  the  gold  plant 
straight  into  the  uranium  plant  and,  in  order  to 
recover  some  of  the  cyanide,  lime  and  gold  which 
would  otherwise  be  lost,  it  was  decided  in  most 
cases  to  filter  the  gold  plant  residue  on  non-acid 
rotary  filters  and  to  return  the  gold  and  cyanide 
solution  therefrom  to  the  gold  plant.  These  filters 
serve  the  further  purpose  of  removing  as  much  lime 
and  cyanide  as  possible  from  the  residue  before  it 
comes  into  contact  with  sulphuric  acid  solution  there- 
by reducing  the  acid  consumption  in  the  uranium 
plant  and  removing  the  danger  of  the  generation 
of  prussic  acid  gas.  They  also  serve  to  remove  salts 
such  as  cobalticyanide  which  if  allowed  to  pass 
into  the  uranium  plant  would  cause  trouble  therein. 
These  filters  are  also  essential  to  dewater  slime  which 
has  been  reclaimed  by  hydraulicing  old  slime  dams, 
prior  to  passing  the  slime  therefrom  into  the  uranium 
plant.  In  a  few  cases,  where  cyanide  strengths  in 
the  gold  plant  are  relatively  low,  non-acid  filters 
have  been  omitted. 

The  process  of  uranium  extraction  is  basically 
similar  to  that  employed  in  the  recovery  of  gold.  It 
can  be  divided  into  the  same  three  stages,  dissolu- 
tion, separation  of  the  solution  containing  the  dis- 
solved valuable  constituent  from  the  impoverished 


solids  and  the  recovery  of  the  valuable  constituent 
from  the  solution.  In  one  case,  however,  alkali  solu- 
tions which  have  no  adverse  effect  on  mild  steel 
are  used  whereas,  in  the  other,  acid  solutions  are 
used  which  require  rubber-lined  mild  steel  vessels  or 
the  use  of  acid-resisting  steel. 

The  dewatered  residue  entering  the  uranium 
plant  is  re-pulped  with  dilute  sulphuric  acid  solu- 
tion which  is  the  filtrate  from  the  secondary  acid 
filtration  stage  (sec  later)  and  is  then  pumped  into 
large  rubber-lined  tanks  22%  ft  in  diameter  and  45 
ft  tall.  To  these  tanks,  the  requisite  amount  of  strong 
sulphuric  acid  is  added,  together  with  ground  man- 
ganese dioxide  ore.  The  pulp  in  these  tanks  is 
agitated  by  means  of  compressed  air  for  about  16 
hours  in  which  time  the  major  portion  of  the  urani- 
um goes  into  solution.  For  satisfactory  dissolution 
it  is  necessary  to  have  ferric  sulphate  present  in 
addition  to  free  sulphuric  acid.  The  ferric  sulphate 
is  obtained  from  free  metallic  iron  in  the  ore  which 
owes  its  origin  to  the  wearing  of  steel  balls  and 
cylindrical  mill  linings  used  in  the  grinding  plant 
of  the  gold  section.  This  iron  is  attacked  by  the 
sulphuric  acid  and  ferric  sulphate  is  formed  in  the 
presence  of  the  oxidising  agent  (MnO2),  assisted  to 
a  minor  degree  by  the  air  used  in  agitation.  Dis- 
solution is  improved  by  applying  heat  and,  in  at  least 
one  plant,  steam  injected  into  the  agitation  tanks. 

The  next  stage  is  the  separation  of  the  uranium 
solution  from  the  treated  slime  and  for  this  purpose 
acid-resisting  canvas  covered  rotary  filters  are  used. 
However,  the  filtration  of  the  pulp  is  difficult  and  a 
filtration  aid,  in  the  form  of  liquid  glue,  is  added  to 
each  agitator  just  prior  to  gravitating  the  pulp 
therefrom  to  the  primary  acid  filters.  At  the  present 
time  tests  are  being  carried  out  with  synthetic  filter- 
aids  to  take  the  place  of,  or  to  reduce  the  use  of, 
glue.  The  filtrate  from  these  filters  is  pumped  to 
the  recovery  section  (see  later)  and  the  residue  cake 
which  still  carries  some  of  the  dissolved  uranium 
is  repulpcd  with  acidified  water  and  is  pumped  to  a 
second  similar  set  of  agitators  in  which  it  is  retained 
for  about  five  hours  before  being  gravitated  to  a 
secondary  similar  set  of  acid-resisting  rotary  filters. 
The  residual  cake  from  these  filters  is  repulped  and 
discharged  to  the  residue  dam  or  to  a  flotation  plant 
for  the  recovery  of  pyrite  therefrom  prior  to  dis- 
charge to  the  residue  dam.  The  filtrate  is  used,  as 
already  indicated,  to  repulp  the  residual  cake  from 
the  non-acid  filters. 

The  uranium-bearing  solution  delivered  to  the 
recovery  section  is  clarified  by  being  passed  through 
sand  filter  beds  and  it  is  then  passed  through 
columns  wherein  the  uranium  with  a  relatively  small 
amount  of  iron  is  retained  and  the  effluent  sulphuric 
acid  solution,  devoid  of  uranium  but  containing  a 
considerable  quantity  of  iron  sulphate  and  manganese 
sulphate,  is  prssed  on  to  the  manganese  recovery 
section. 

The  uranium  and  iron  retained  in  the  recovery 
columns  are  periodically  removed  therefrom  with  a 
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solution  containing  a  mixture  of  nitric  acid  and 
nitrate  salts,  and  the  iron  is  removed  from  this  solu- 
tion by  raising  the  pH  to  3.7  by  the  addition  of 
milk-of-lime.  The  precipitated  iron  hydroxide  is 
settled  in  a  thickener  and  the  underflow  therefrom  is 
filtered  on  a  rotary  filter  and  the  cake,  containing 
some  uranium,  is  delivered  back  to  the  primary  acid 
agitators  for  re-dissolution.  The  filtrate  from  this 
filter  and  the  overflow  from  the  thickener  are  then 
treated  with  ammonia  and  ammonium  diuranate  is 
precipitated  at  a  pH  of  6.9.  This  precipitate  is  col- 
lected in  a  thickener  and  the  underflow  therefrom 
is  filtered  to  give  the  final  product  containing  the 
uranium  output.  The  filtrate  from  this  filter  and 
the  overflow  from  the  thickener  are  brought  back  to 
nitrate  strength  and  reused  to  extract  uranium  from 
the  recovery  columns. 

The  final  product,  ammonium  diuranate  (NH4)2- 
U2O7 '  3  H2O  is  despatched  in  wet  form  to  a  central 
calcining  works  where  it  is  dried  and  calcined  to 
U3O8  and  sampled  prior  to  packing  in  steel  drums 
for  despatch  overseas  to  wherever  the  buyer  directs. 

In  the  manganese  recovery  section  the  acid  efflu- 
ent from  the  uranium  recovery  columns  is  agitated 
with  ground  limestone  to  raise  the  pH  to  4.5  when 
the  iron  is  precipitated,  thickened,  filtered  and  dis- 
charged to  the  slime  dam.  The  clear  thickener  over- 
flow and  the  filtrate  from  the  filter  are  then  agitated 
with  milk-of-lime  to  raise  the  pH  to  about  9.0, 
when  the  manganese  is  precipitated  and  the  mixture 
is  then  passed  into  a  thickener  from  which  the  clear 
overflow,  virtually  water,  is  used  to  discharge 
residues  to  the  slime  dam  and  the  underflow,  con- 
taining the  manganese  in  the  form  of  hydroxide 
is  pumped  to  storage  dams  where  it  oxidises  further 
to  form  MnOa  which  is  later  returned  to  the  uranium 
plant.  The  recovery  of  manganese  in  this  way  is 
expected  to  amount  to  about  50%  of  the  total  man- 
ganese dioxide  requirements  in  the  uranium  plant. 

The  uranium  plant  is  equipped  with  considerable 
subsidiary  equipment  such  as  grinding  mills  for 
limestone  and  manganese  ore,  chemical  storage 
plant,  laboratory,  offices,  etc. 

THE  LAUNCHING  OF  THE  SOUTH  AFRICAN 
URANIUM  INDUSTRY 

The  advent  of  the  uranium  industry  coincided  with 
a  period  of  remarkable  mining  and  industrial  activity 
in  South  Africa.  Electric  power  was  in  short  supply ; 
likewise  steel  plate  and  sections.  Large  quantities  of 
chemical  reagents,  such  as  sulphuric  acid,  lime,  lime- 
stone, nitric  acid,  ammonia  and  glue  would  be  re- 
quired. The  cost  of  an  average  uranium  plant  was 
known  to  be  of  the  order  of  £3,000,000  and  it  was 
obvious  that  the  resources  of  the  country  would  be 
strained.  However,  it  was  decided  that  the  uranium 
plants  must  be  built  and  operated  and,  in  order  not 
to  affect  adversely  the  gold  mining  industry,  it  was 
decided  that,  if  necessary,  materials  should  be  im- 
ported from  overseas  for  the  uranium  industry.  It 
was  realised  that  the  early  production  of  uranium 
was  vital  and  the  gold  mining  industry  decided  to 


make  an  extreme  effort  to  get  the  undertaking  into 
production  with  the  least  possible  delay.  Conse- 
quently it  was  decided  that  this  project  should  be 
dealt  with  on  the  highest  level  and  the  most  experi- 
enced personnel  in  the  Gold  Mining  Industry  were 
called  upon  to  bring  the  uranium  project  into  being. 

To  illustrate  the  vastness  of  the  project, 
the  chemical  reagents  which  are  required  for 
the  present  uranium  programme  are  approxi- 
mately as  follows  (in  tons  per  month)  :  sulphuric 
acid  (100%),  39,000;  burnt  lump  lime  (90%  CaO), 
15,000;  limestone  (96%  CaCO3),  10,000;  manga- 
nese ore  (40%  MnO2),  18,000;  glue  (solid),  400. 
Large  quantities  of  nitric  acid  and  ammonia  are  also 
used.  The  electric  power  requirements  are  77  mega- 
watts and  the  water  requirements  are  of  the  order  of 
300  million  gallons  per  month. 

As  soon  as  agreement  was  reached  at  the  end 
of  1950  for  the  production  of  uranium,  the  Chamber 
of  Mines  put  its  services  at  the  disposal  of  the 
uranium  industry.  Whilst  each  mining  group 
interested  in  the  production  of  uranium  was  indi- 
vidually capable  of  developing  its  own  process  and 
designing  its  own  production  plants,  it  was  obvious 
that  a  co-operative  effort  could  achieve  these  things 
more  expeditiously  and  indeed,  in  this  case,  more 
satisfactorily. 

Gold  mining  has  always  operated  on  a  non- 
competitive  basis  and,  through  the  Chamber  of 
Mines,  the  Industry  had  built  up  a  system  of  joint 
consultation  and  co-operation  which  was  of  great 
value  to  the  gold  mining  industry.  The  availability 
of  this  same  co-operation  was  an  important  factor 
in  the  success  attained  in  achieving  remarkably  early 
uranium  production. 

At  the  end  of  1950  the  Chamber  of  Mines  estab- 
lished the  Uranium  Technical  Sub-Committee,  con- 
sisting of  the  Chief  Consulting  Electrical  and  Me- 
chanical Engineers  and  the  senior  Consulting 
Metallurgists  of  the  Groups  directly  interested  in 
uranium  production.  The  function  of  this  Committee 
was  to  investigate  ways  and  means  of  achieving  early 
uranium  production  and  to  report  accordingly  to 
the  Executive  Committee  of  the  Chamber.  It  was 
decided  also  to  set  up  a  Uranium  Department  in  the 
Chamber  under  the  direction  of  a  highly  qualified 
metallurgist.  This  Department  was  of  the  greatest 
assistance  to  the  Uranium  Technical  Sub-Committee. 

The  Uranium  Technical  Sub-Committee  designed 
the  flow-sheets  for  the  uranium  plants  and  this  was 
the  first  time  in  the  history  of  the  Gold  Mining  In- 
dustry that  a  committee  of  the  Chamber  had  assisted 
individual  mines  in  this  way.  Of  course  each  mine 
was  ultimately  responsible  for  its  own  installation. 

The  Sub-Committee  also  studied  acid-resisting 
materials,  it  recommended  standardization  of  sizes 
of  units,  etc.,  it  explored  the  manufacturing  poten- 
tialities of  large  and  small  South  African  engineering 
and  building  companies,  it  investigated  the  avail- 
ability of  raw  materials  and  it  assumed  the  respon- 
sibility of  acquiring  these  on  an  Industry  basis 


Mine 

Daggafontein  Mines,  Ltd. 
Western  Reefs  Expl.  and  Dev. 

Co.,  Ltd. 

Vogelstruisbult  G.M.  Areas  Ltd. 
Virginia  O.F.S.  G.M.  Co.  Ltd. 
Harmony  G.M.  Co.,  Ltd. 

TOTAL 


Estimated 
production, 

daily 
tons  FeS, 

155 


155 
90 

180 
70 

650 
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through  the  Chamber  of  Mines  Stores  Sub-Com- 
mittee. 

The  Technical  Sub-Committee  investigated  the 
electric  power  position;  it  took  steps  for  bulk  order- 
ing of  steel  from  overseas.  It  investigated  the  carry- 
ing capacity  of  the  railways  and  in  fact  it  did  every- 
thing to  expedite  uranium  production.  That  the  Sub- 
Committee  achieved  its  task  admirably  is  proved  by 
the  fact  that  within  twenty-one  months  of  the  deci- 
sion being  made  to  install  large  uranium  plants,  the 
first  was  in  production,  followed  by  two  others  six 
months  later.  Many  overseas  visitors  have  expressed 
amazement  at  these  achievements.  On  the  other  hand, 
however,  the  Industry  was  amazed  also  at  the 
expeditious  way  in  which  delivery  of  material  to  the 
project  was  made,  due  largely  to  the  extremely  high 
priority  given  by  all  of  the  three  Governments 
directly  concerned  with  the  South  African  production 
of  uranium.  The  South  African  Railways  have  also 
served  the  industry  well.  It  can  safely  be  said  that 
no  major  industry  in  the  history  of  South  Africa 
has  been  developed  as  rapidly  as  the  uranium 
industry. 

Initially  the  Uranium  Technical  Sub-Committee 
dealt  with  the  production  of  pyrite  and  sulphuric 
acid  required  by  the  uranium  industry,  but  in  view 
of  the  magnitude  of  this  undertaking  it  was  decided 
in  December  1952  to  establish  an  Acid  Distribution 
Committee  to  undertake  this  function. 

There  was,  of  course,  virtually  no  sulphuric  acid 
available  in  South  Africa  for  the  uranium  industry 
and  it  was  necessary  to  install  acid  plants  for  this 
purpose.  With  the  exception  of  a  40  ton  per  clay 
auto-oxidation  plant  at  Stilfontein,  contact  acid 
plants  have  been  installed  to  meet  the  requirements 
of  1300  tons  per  day  as  follows: 


Date  started  or 
to  be  started 

April  1953 

Sept.  1953 

Dec.  1954 

July  1955 

May  1956 


Mine 

West  Rand  Cons.  Mines,  Ltd. 
Daggafontein  Mines,  Ltd. 
Western  Reefs  Expl.  and  Dev. 

Co.  Ltd. 
Randfontein    Estates    G.M.   Co. 

W.  Ltd. 

Stilfontein  G.M.  Co.  Ltd. 
Virginia  O.F.S.  G.M.  Co.  Ltd. 
Stilfontein  G.M.  Co.  Ltd. 
Blyvooruitzicht  G.M.  Co.  Ltd. 


Daily 

capacity, 

tons 


50 
220 

220 

220 
40 
330 
150 
150 


Date  started  or 
to  be  started 

Sept.  1952 
March  1953 

Sept.  1953 

Feb.  1954 
Dec.  1954 
Jan.  1955 
Oct.  1955 
May  1956 


TOTAL   1380 


A  capacity  of  1380  tons  per  day  with  a  requirement 
of  1300  tons  per  day  allows  a  desirable  spare  capacity 
of  about  6%. 

All  of  the  sulphuric  acid  in  the  uranium  industry 
is  being  or  is  to  be  made  from  iron  pyrite  which 
is  fortunately  available  in  the  uranium  plant  residual 
pulp  in  several  mines  in  sufficient  quantity  to  justify 
its  recovery  and,  for  this  purpose,  flotation  plants 
have  been  or  are  to  be  installed  at  mines : 

In  addition  to  the  650  tons  FeS2  per  day  which 
will  be  recovered  from  flotation  plants  within  the 


uranium  industry,  35  tons  per  day  will  be  obtained 
from  the  West  Rand  Consolidated  Mines,  Limited, 
where  pyrite  has  been  recovered  for  many  years 
by  gravity  concentration  and  sold  to  the  African 
Explosives  Company  for  the  manufacture  of  sul- 
phuric acid  for  use  in  explosives  and  fertilizer. 

However,  to  manufacture  1300  tons  of  acid  per 
day  requires  885  tons  of  FeS2  per  day  so  that  there 
is  an  apparent  shortfall  of  200  tons  of  FeS2  per 
day  and  it  is  hoped  that  this  will  be  available  from 
the  Government  Gold  Mining  Areas  (M)  Con- 
solidated, Ltd.,  where  there  is  a  pyrite  recovery 
flotation  plant  dealing  with  cyanided  residual  slime. 
Portion  of  the  capital  for  this  was  financed  by  loan 
from  the  Combined  Development  Agency. 

The  production  and  distribution  of  pyrite  and 
acid  required  in  the  uranium  industry  is  controlled 
by  the  Acid  Distribution  Committee,  which  recom- 
mends when  and  where  pyrite  and  acid  plants  should 
be  installed.  Guiding  principles  in  this  connection 
are  to  locate  these  plants  at  such  points  as  will  ensure 
a  minimum  price  of  acid  delivered  to  uranium  plants. 
At  the  present  time,  because  Virginia  O.F.S.  G.M. 
Company,  Limited  and  Harmony  G.  M.  Company 
Limited,  have  not  yet  started  pyrite  production,  the 
Committee  has  been  obliged  to  purchase  pyrite  from 
outside  sources,  even  to  the  extent  of  importing 
pyrite  from  overseas,  but  it  is  hoped  that  this  will 
be  only  a  temporary  measure. 

The  capital  costs  of  the  combined  acid  plants 
used  in  the  industry  are  about  £7,000,000  and  the 
combined  costs  of  flotation  plants  (excluding  Gov- 
enrment  Areas  plant),  used  primarily  for  the  pro- 
duction of  pyrite,  are  about  £2,000,000. 

To  meet  the  limestone  and  lime  requirements,  local 
factories  have  extended  their  productive  plants.  This 
applies  also  to  glue,  nitric  acid  and  ammonia. 

The  manganese  ore  is  obtained  from  nearby  local 
deposits  but  it  was  because  of  the  limited  available 
supply  from  this  source  that  provision  was  made 
in  virtually  all  of  the  uranium  plants  for  the  recovery 
of  manganese  dioxide  from  effluent  solutions  from 
these  plants. 

Electric  power  for  the  Gold  Mining  Industry  is 
obtained  from  the  Electricity  Supply  Commission 
and  to  facilitate  an  increase  in  the  production  of 
power  to  meet  the  requirements  of  the  uranium 
industry,  money  was  loaned  by  the  Combined 
Development  Agency  to  the  Electricity  Supply  Com- 
mission. 
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The  uranium  project  has  necessitated  the  training 
and  employment  of  about  two  thousand  white  em- 
ployees and  about  4000  native  employees  and  a  large 
building  scheme  had  to  be  inaugurated  to  house 
these  employees.  The  acid  and  pyrite  plants  also  had 
to  be  staffed  and  operated  and,  in  connection  with 
the  acid  plants,  African  Explosives  and  Chemical 
Industries,  Limited,  rendered  valuable  assistance. 

It  may  be  of  interest  to  note  that  the  contact  acid 
plants  used  in  this  uranium  industry  were  the  first 
in  the  world  to  use  fluo-solid  roasters. 

The  Uranium  Technical  Sub-Committee  was  also 
responsible  for  the  design  and  installation  of  the 
central  works  at  Calcined  Products  (Pty.)  Limited, 
where  the  wet  final  product  from  all  uranium  pro- 
ducers is  dried,  calcined,  sampled  and  packed  for 
shipment  overseas. 

Although  there  are  now  many  uranium  plants  in 
successful  operation,  the  process  is  by  no  means 
perfect  and  there  is  still  ample  scope  for  research. 
This  continues  to  be  done  in  the  laboratories  of  the 
producers,  at  the  Governmental  Metallurgical 
Laboratory,  at  Calcined  Products  (Pty.)  Limited, 
and  both  in  the  United  States  of  America  and  in 
the  United  Kingdom. 

From  what  has  been  written,  it  is  obvious  that 
the  launching  of  the  uranium  industry  in  South 
Africa  has  placed  a  considerable  strain  on  the 
economic  resources  of  the  country.  On  the  other 
hand,  it  has  created  new  employment  for  metallurgists, 
chemists  and  a  host  of  others  and  undoubtedly  will 
increase  the  country's  economic  strength. 

THE    SOUTH    AFRICAN    ATOMIC    ENERGY    BOARD 

The  Atomic  Energy  Board  was  brought  into  being 
in  1949  and  it  was  the  Board  which  made  the 
agreement  with  the  overseas  Combined  Development 
Agency  for  the  sale  and  purchase  of  the  South 
African  uranium  output  until  about  1965.  The  Gold 
Mining  Industry  is  represented  on  the  Board. 

The  Board  appointed  an  implementing  committee 
called  the  Uranium  Production  Committee  which 
concerns  itself  with  all  matters  pertaining  to  the 


industry  and,  amongst  other  things,  it  examines 
critically  all  applications  from  companies  to  become 
uranium  producers  and  recommends  to  the  Board 
as  it  thinks  fit.  The  Government  Mining  Engineer 
is  the  Chairman  and  the  Industry  is  represented  on 
this  Committee. 

The  Board  also  appointed  a  Health  Hazard  Com- 
mittee to  ensure  satisfactory  working  conditions  for 
the  employees  on  uranium  plants.  It  also  appointed  a 
Security  Committee  to  report  on  all  matters  affect- 
ing security,  secrecy,  etc. 

THE  FUTURE  OF  THE  SOUTH  AFRICAN 
URANIUM  INDUSTRY 

At  the  present  time  South  Africa  produces  urani- 
um oxide  only  and  it  has  not  embarked  as  yet  on  the 
further  processing  of  the  oxide.  The  disposal  of  its 
output  is  assured  until  about  1965  and  what  happens 
thereafter  will  depend  upon  what  developments  take 
place  in  the  application  of  nuclear  energy  between 
now  and  then,  and  upon  other  discoveries  of  urani- 
um ore  which  may  be  made  elsewhere.  South  Africa 
is  fortunate  that  the  cost  of  mining  and  milling 
uranium  ore  is  usually  debited  against  gold  produc- 
tion and  therefore,  on  this  basis,  it  may  prove 
economic  to  continue  to  recover  uranium  from  these 
relatively  low  grade  ores  for  many  years  beyond 
1965.  It  is  certain  that  the  recovery  of  gold  from 
these  ores  will  continue  for  very  many  years  and 
so  it  would  not  appear  unrealistic  to  believe  that 
uranium  will  continue  to  be  produced  in  South 
Africa  for  many  years  also. 
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Extraction  of  Uranium  from  Low  Grade  Uranium  Ores* 

By  Bela  Bunji,t  Yugoslavia 


Ore  bodies  of  uraninite  and  uranothorianite  of 
South  Yugoslavia  are  especially  interesting  with 
regard  to  the  extent  of  their  occurrence.  The  con- 
figuration of  the  occurrence  offers  vast  possibilities 
for  an  intensive  exploitation  from  a  mining  point 
of  view. 

Uranium  occurs  as  uraninite  and  uranothorianite 
disseminated  in  granite  mass.  The  particle  size  of 
these  radioactive  minerals  varies  from  10  microns  to 
2000-3000  microns,  but  the  major  part  is  under  30 
microns. 

Exploration  has  shown  a  large  ore  deposit  assaying 
40-120  gm  uranium/ton  of  ore. 

The  percentages  of  the  granite  material  assays  as 
follows:  SiO2,  65.80;  AUO3,  14.48;  Fe.>O3,  3.21; 
CaO,  2.68;  MgO,  1.64;  K2O,  2.8;  Na2O,  4.17;  FeO, 
1.02;  S,  0.47;  H2O,  0.48. 

This  investigation  is  concerned  with  the  technology 
of  extracting  uranium  from  the  ore  and  recovering 
it  in  the  form  of  a  uranium  oxide  concentrate. 

From  many  preliminary  tests,  the  most  favorable 
results  were  obtained  by  pressure  leaching  with 
sodium  carbonate-sodium  bicarbonate  solutions. 

Special  attention  was  paid  to  the  following 
problems:  (a)  getting  uranium  into  solution,  (b) 
concentration  of  uranium  in  solution,  and  (c)  econ- 
omy of  these  two  processes. 

LEACHING  TESTS 

Leaching  tests  were  carried  out  in  a  normal  steel 
vessel  of  200-liter  capacity.  The  contents  were 
agitated  with  air-lift  pumps.  The  vessel  was  heated 
by  passing  steam  through  an  external  part  of  the 
vessel.  Oxygen  was  supplied  in  the  form  of  air 
with  a  compressor.  A  sampling  tube  permitted 
samples  to  be  taken  during  test. 

PARTICLE  SIZE 

It  has  been  stated  that  the  recovery  of  uranium 
increases  with  the  fineness  of  grind.  A  grind  of  —150 
mog  has  given  optimum  results.  Increase  of  particle 
size  decreases  recovery.  By  65  mog,  the  recovery 
was  40-50  per  cent  and  there  was  no  possibility  of 
increasing  this  by  alteration  of  other  conditions,  but 
by  grinding  recovery  increased  and  reached  its 
maximum  at  —150  mog.  Furthermore  this  maxi- 
mum was  not  exceeded  by  finer  grinding. 


*  Paper  P/965  consists  of  two  parts.  Part  II  follows 
immediately  after  this  section. 

t  Institute  for  Geological,  Mineralogical  and  Technological 
Research  in  Belgrade. 


The  necessity  of  very  fine  grind  indicated  a 
homogeneous  disposition  of  uranium  in  the  material, 
so  that  its  solubility  was  proportional  to  the  surface 
of  ore. 

CONCENTRATION    OF    Na2CO3 

Using  Na2CO3  solutions  of  different  concentra- 
tions, it  was  shown  that  a  4—5  per  cent  solution  was 
the  most  convenient.  Increasing  the  concentration 
results  in  neither  increase  of  dissolution  nor  in 
recovery  but  in  fairly  high  solubility  of  silicates  and 
other  materials. 

PRESSURE 

Pressure  favours  oxidation  and  further  dissolving. 
Maximum  solubility  was  obtained  at  an  air  pressure 
of  3  atm.  Greater  recovery  of  uranium  was  not 
obtained  by  increasing  air  pressure,  but  higher  air 
pressure  increased  the  solubility  of  SiO2.  At 
atmospheric  pressure,  without  aeration,  20  per  cent 
of  the  uranium  was  obtained  by  the  leaching  of  ore 
(see  Fig.  1). 

TEMPERATURE 

Dissolution  increases  with  temperature,  becoming 
significant  only  at  60°C.  Satisfactory  results  were 
obtained  at  95-100°  C.  A  higher  temperature  could 
not  be  used  because  of  rapid  solubility  of  SiO2 
(Fig.  2). 

PULP  DENSITY 

Up  to  a  certain  limit  pulp  density  did  not  influence 
the  leaching.  Ratios  1:6,  1:5,  1:4,  1:2  and  1:1 
(solid-liquid)  were  used,  but  showed  no  difference 
in  results. 

LEACHING  TIME 

High  values  were  obtained  in  the  first  two  hours 
and  increased  very  slowly  thereafter,  so  that  after 
two  hours  leaching  could  usually  be  discontinued. 
It  should  be  noted  that  it  was  necessary  in  certain 
cases  (depending  on  the  concentration  of  uranium 
in  the  ore)  to  extend  the  leaching  time  to  four  hours. 

REAGENT  CONSUMPTION 

Under  optimum  conditions  for  the  dissolution 
of  uranium,  12  per  cent  of  the  Na2CO3  is  converted 
to  NaHCO3  as  a  result  of  secondary  reactions.  The 
content  after  reaction  is  90%  Na2CO3  and  10% 
NallCOa.  The  NaHCO3  can  be  converted  to  Na2CO3 
again  with  NaOH.  In  order  to  convert  this  10%  of 
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NaHCOs  to  Na2CO3  and  thus  regenerate  the  solu- 
tion, 7.2  kg  of  NaOH  were  added  per  ton  of  ore. 
At  the  same  time  50-60  gm  uranium  were  leached 
per  ton  of  ore,  representing  a  recovery  of  80-85%. 

Among  many  tests  conducted  in  the  course  of 
this  investigation,  one  gave  the  following  results: 

The  test  was  carried  out  in  a  domestically  made 
Pachuca  type  autoclave  of  20-liter  volume.  Air 
forced  through  the  solution  by  a  compressor  gave 
the  required  pressure,  agitation  and  oxidizing 
conditions. 

Conditions  of  testing  were:  4.5  kg  of  ore  was 
ground  to  80  per  cent  -—200  mesh,  13.5  1  of  Na2CO3 
5%  solution,  pulp  density  1:3  (solids-liquid),  95°C, 
3  atm  pressure  by  aeration  of  10  1  air  per  min.  Re- 
quired time  of  leaching  was  2-4  hours. 

At  the  time  of  leaching,  air  was  saturated  with 
one  liter  water.  The  balance  of  12.5  1  gave  the 
following  analysis  on  samples  of  100  ml :  2  X  10~3 
gm  U  per  100  ml;  2.1  X  10~3  gm  U  per  100  ml; 
and  1.9  X  10~3  gm  U  per  100  ml.  Average  value 
of  these  three  results  gave  a  recovery  of  55  gm  of 
uranium  per  ton  of  ore. 

By  analysis  of  sodium  carbonate  and  sodium 
bicarbonate,  the  following  value  was  obtained :  44.5 
gm  NaoCO3  per  1000  ml;  4.5  gm  Na2HCO3  per 
1000  ml. 

RESULTS  OBTAINED  BY  RECYCLING  OF 
Na2CO8   SOLUTION 

With  regard  to  the  poor  concentration  of  uranium 
in  ore,  and  the  necessary  moderate  concentration  of 
Na-jCOs  in  the  leach  solution,  it  was  considered 
necessary  to  re-cycle  the  same  solution  for  a  new 
leaching  period.  This  is  necessary  also  for  later 
precipitation  of  uranium  from  solution. 

PRECIPITATION  OF  URANIUM 

Taking  into  consideration  all  factors  influencing 
the  choice  of  pulp  density  (consumption  of  energy, 
filtration,  washing,  etc.)  50  per  cent  solids  in  pulp 
might  be  considered  as  the  most  convenient  density 
for  leaching.  Consequently,  after  a  fairly  long  leach- 
ing, we  have  had  4-6  X  10~2  gm  U/liter  of  solution. 


By  re-cycling  the  mother  liquor,  it  can  be  con- 
centrated with  uranium.  Whether  we  should  have 
more  re-cycling  of  mother  liquor  depends  on  filtra- 
tion losses. 

We  ascertained  that  with  a  vacuum-filter,  with  one 
washing,  re-pulping  and  re-filtration,  we  realized 
98-99  per  cent  recovery  from  pregnant  solution  and 
in  this  way  we  did  not  compromise  the  balance  of 
water.  Losses  of  water  occurred  to  air  which  was 
used  for  agitation  and  oxidation,  secondly  in  the 
filter-cake,  and  finally  as  the  amount  of  water  which 
is  sent  to  precipitation  as  a  pregnant  solution.  This 
water,  which  escapes  from  the  process,  is  re-cycled  by 
washing,  by  filtration,  either  in  the  form  of  pure 
water  or  in  the  form  of  barren  solution  after  precipi- 
tation. A  filter  capacity  of  30  Ib/ft2/hr  is  obtained 
by  filtration  of  pulp  containing  50  per  cent  solids. 
The  screen  analysis  of  solids  is  as  follows:  +150, 
2.2%;  +200,  5.55%;  +270,  6.95%;  +325, 
18.35%;  and  -325,  66.95%. 

The  concentration  of  uranium  in  solution  depends 
on  the  number  of  re-cyclings  of  mother  liquor  and 
averages  from  5  X  10~2  gm/1  to  5n  X  10~2  gm/1 
of  uranium. 

We  ascertained  that  uranium  can  be  precipitated 
from  a  pregnant  solution  by  reduction  with  H2  under 
pressure  and  in  the  presence  of  Ni  as  catalyst  with 
a  uranium  recovery  of  98-99  per  cent,  the  barren 
solution  containing  5  X  10-*  to  5  X  10~6  gm  U/l. 

During  reduction,  a  small  change  in  the  ratio 
Na2CC>3:  NaHCO3,  from  3.8  before  reduction  to 
4.2  after  reduction  was  noted. 

The  concentration  of  sodium  sulphate  even  after 
10  re-cyclings  of  mother  liquor  was  of  the  order  of 
10-20  gm/1. 

Reduction  was  conducted  at  a  partial  pressure  of 
H2  of  9  atm  and  at  120°C. 

A  small  problem  was  encountered  in  the  separation 
of  Ni  from  the  precipitated  oxide.  It  seemed  more 
convenient  to  use  nickel-gauze  rather  than  nickel 
powder  and  we  could  not  obtain  absolute  separation 
of  Ni  from  the  oxide,  but  the  use  of  nickel-gauze  is 
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less  effective  than  powder  inasmuch  as  the  active  sur- 
face of  the  catalyst  is  smaller. 

All  experiments  carried  out  in  order  to  determine 
the  technology  of  extraction  of  uranium  from  low 
grade  uranium-bearing  deposits  of  South  Yugoslavia, 
assaying  an  average  of  from  0.004-0.012  per  cent 
uranium  have  shown  that  it  is  possible  to  realize  a 
recovery  of  80/90  per  cent  of  uranium  by  leaching 
under  pressure. 

Favorable  conditions  of  ore-dressing  to  obtain  a 
recovery  of  80/90%  of  the  uranium  (depending  on 
the  uranium  content  of  the  ore)  are  as  follows:  (a) 
fineness  of  grind  of  150  mog;  (b)  pulp  density  40-60 
per  cent  of  solids;  (c)  partial  pressure  of  oxygen 
0.4-0.6  atm;  (d)  temperature  of  leaching  85  to 
95°C;  (e)  leaching  time  90-120  min;  (/)  consump- 
tion of  Na2COa  9  kg  per  ton  of  ore;  (g)  concentra- 
tion of  uranium  required  for  precipitation  obtained 
by  re-cycling  (soluble  material  separated  from  tail- 
ings with  an  efficiency  of  98-99%  in  case  of  rich 
solutions.  In  this  process  the  amount  of  solution 
used  for  washing  maintained  the  water  balance  with- 
out any  further  operations.  The  filter  capacity  was 
30  lb/ft2  per  hour.)  ;  (h)  precipitation  of  uranium 
from  pregnant  solution  by  reduction  under  H2  par- 
tial pressure  of  9  atm  by  nickel  as  catalyst  at  120°C 
with  recovery  of  98-99  per  cent  of  uranium. 

The  precipitated  uranium  has  a  high  purity,  con- 
taining from  50-70  per  cent  of  U3O8. 

These  deposits  have  the  following  advantages  with 
regard  to  local  conditions:  (1)  short  distance  from 
existing  coal  mines  and  energy  supplies;  (2)  con- 
venience of  deposits  for  available  mining  exploita- 
tion on  large  scale  of  open-pit-mining ;  very  conven- 
ient ratio  between  ore  and  overburden;  (3)  short 


distance  (about  600  metres  on  the  average)  of  ore- 
haulage  to  the  ore-dressing  plant;  (4)  favorable 
technological  method  of  ore  dressing;  (5)  water 
supplies  within  very  short  distance;  and  (6)  con- 
venient tailing  disposal. 

The  construction  of  a  continuous  pilot  plant,  with 
a  capacity  of  40-50  tons  of  ore  per  day,  is  about  to 
be  completed  on  the  basis  of  the  results  from  semi- 
pilot-batch-testing  plant. 

EXTRACTION  OF  URANIUM  FROM  ASHES  OF 
URANIUM-BEARING  COALS 

Coals  from  our  different  deposits  contain  small 
amounts  of  uranium.  After  burning  of  uranium- 
bearing  coals,  the  ashes  have  a  content  of  0.05-0.015 
per  cent  uranium. 

Laboratory  tests  showed  that  sodium  carbonate- 
sodium  bicarbonate  pressure  leaching  permits  a  re- 
covery of  about  85-93  per  cent. 

Testing  was  carried  out  in  an  autoclave  and  ves- 
sels of  stainless  steel  of  5-liter  volume.  A  mechanical 
mixer  agitated  the  pulp,  and  made  possible  by  high 
speed  a  continuous  intimate  contact  of  the  pulp  with 
oxygen. 

Optimum  results  were  obtained  under  the  follow- 
ing conditions:  (a)  fineness  of  grind  100  mog;  (b) 
pulp  density  40-60  per  cent  of  solid;  (c)  oxygen 
pressure  12  atm;  (d)  temperature  1 30-1 50° C;  (e) 
leaching  time  4  hours;  and  (/)  concentration  of 
Na2COa  15-20  per  cent. 

With  regard  to  the  possibility  of  concentration  of 
using  these  coals  in  2-3  places  in  the  country,  pres- 
ent results  of  the  technology  of  uranium  extraction 
show  a  real  possibility  of  uranium  production  from 
these  raw  materials. 


The  Extraction  of  Uranium  from  Sconza  Shales 


By  Vladimir  G.  Logomerac,*  Yugoslavia 


This  is  a  report  of  work  which  was  done  in  the 
last  few  years,  with  the  aim  of  extracting  uranium 
from  low  grade  ores. 

The  ore  was  a  Sconza  shale  from  Idrija,  a  kind 
of  bituminous  shale,  containing  more  than  1  per  cent 
of  mercury.  A  rich  deposit  of  this  ore  existed  and 
the  mercury  had  been  produced  from  it  for  the  last 
400  years.  The  uranium  content  was  on  the  average 
136  grams  per  ton,  while  the  typical  analysis  of  ore 
(in  per  cent)  was  the  following:  SiO2,  69.12;  A12O3, 
15.91;  Fe203,  3.61;  CaO,  1.40;  MgO,  1.38;  P2Or>, 
1.44;  S,  1.95;  and  C,  5.55. 

The  presence  of  a  considerable  amount  of  organic 
materials,  as  well  as  mercury  and  vanadium  was  sig- 
nificant for  the  methods  which  could  be  used  for 
the  solution  of  the  extraction  problem,  especially  as 
it  was  necessary  to  assure  later  the  normal  production 
of  mercury  from  the  leached  ore. 

A  further  difficulty  was  presented  by  the  fact  that 
the  uranium  occurs  in  such  a  form  that  it  cannot  be 
concentrated  by  gravity  or  flotation  methods,  so  that 
the  only  method  left  was  the  extraction  metallurgy, 
i.e.,  treatment  of  ores  by  different  chemical  processes. 
It  should  be  mentioned  that  we  obtained  a  certain 
degree  of  concentration  of  low  grade  ore  by  gravity 
methods,  but  the  cost  was  high  and  the  concentra- 
tion was  incomplete  and  inefficient. 

The  work  on  this  problem  was  done  in  three  dif- 
ferent directions:  (1)  acid  treatment  of  ore-leaching 
with  sulphuric  and  nitric  acid;  (2)  carbonate  treat- 
ment of  ore-alkaline  leaching  with  sodium  carbon- 
ate; (3)  chlorination  of  ore.  Work  was  done  first  on 
laboratory  scale,  and  later  in  a  pilot  plant  with  a 
capacity  of  about  3  tons  of  ore  daily.  We  made  a 
systematic  study  of  the  influence  on  the  extraction 
of  such  factors  as  the  time  and  temperature  of  leach- 
ing, the  ratio  ore/solution,  the  concentration  of  acid 
and  sodium  carbonate  in  the  solution,  the  optimal 
ore  grains  diameter  and  so  on. 

The  leaching  of  ore,  and  also  the  treatment  of  the 
solution  in  the  pilot  plant,  was  made  in  a  reaction 
apparatus  where  very  effective  stirring  of  pulp  was 
obtained  by  a  special  pump.  The  separation  of  pre- 
cipitate and  ore  was  made  by  centrifugals,  while 
the  extraction  of  uranyl  nitrate  solution  was  made 
by  a  "Luwesta-Solvent  extractor."  The  precipitation 
of  uranium  from  the  solution  obtained  by  the  extrac- 
tion, was  done  by  H2O2,  or  NaOH,  or  NH3  in  the 
usual  manner.1*2'3 


The  aim  of  this  work  was  to  test  the  processes 
which  were  developed  in  the  preliminary  investiga- 
tions on  the  laboratory  scale.  We  also  wanted  to 
obtain  data  of  practical  value  for  the  leaching  of  ore 
and  the  precipitation  processes.  Finally,  it  was  neces- 
sary to  find  the  exact  consumption  of  material  and 
chemicals,  and  the  percentage  extraction  of  uranium 
from  the  ore. 

It  was  found  that  other  kinds  of  ores  also  can  be 
treated  in  the  same  pilot  plant  with  the  same  success. 
We  tried  different  kinds  of  leaching,  with  many  dif- 
ferent ways  of  treating  the  resulting  solution,  to  find 
their  practical  value  in  relation  to  the  percentage 
extraction  and  the  cost  of  the  production. 

EXPERIMENTAL 

We  shall  now  describe  the  work  done  with  the 
shale,  the  analysis  of  which  was  given  before,  and 
which  had  grinding  characteristics  as  follows : 
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As  we  see,  53.99%  of  grains  have  a  diameter 
greater  than  0.54  mm.  This  influenced  the  extraction 
rate  of  uranium  from  the  ore  since  it  was  found  that 
with  an  increase  of  the  grain  fineness  to  17.86% 
greater  than  0.54  mm  the  percentage  of  uranium 
extraction  is  increased  by  5-10%. 

The  uranium  was  extracted  from  the  ore  by  pro- 
cesses commonly  used  today :  carbonate  leaching  gave 
about  60%  efficiency  (without  autoclave),  while 
leaching  with  sulphuric  acid  gave  75-80%,  and  with 
nitric  acid  about  90%.  Re-cycling  of  solutions  was 
carried  out  so  that  the  consumption  of  chemicals  was 
small.  The  use  of  catalysers  in  the  leaching  process 
did  not  show  any  significant  improvement  of  the 
uranium  extraction. 

The  procedure  was  to  charge  a  given  amount  of 
ore  (250-500  kg)  in  a  solution  of  desired  composi- 
tion, with  a  definite  ratio  ore/solution.  The  optimum 
value  of  this  ratio  was  1/1.7  for  the  work  with  acid, 
and  1/3  for  the  alkaline  process.  During  the  process 
the  pulp  was  vigorously  stirred  at  a  definite  temper- 
ature and  when  working  with  alkaline  solutions  air 
was  blown  through.  Samples  of  the  ore  and  the  solu- 
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tion  were  taken  periodically  and  analyzed  to  de- 
termine the  leaching  rate,  uranium  extraction  and 
reagent  consumption.  Uranium  was  determined  by 
colorirnetric  method4  or  fluorimetrically.5 

Several  months  of  work  on  this  pilot  plant  have 
shown  that  the  work  with  acids  has  more  advantages. 
The  optimum  working  conditions  are  the  following : 

Ore/solution  ratio  1/1.7  and  1/3 
Temperature  80°C        95°C 

Time  of  leaching   1  hour     1  hour 

and  the  chemical  consumption  per  ton  of  ore  was  as 
follows:  sulphuric  acid,  50  kg;  nitric  acid,  45  kg; 
sodium  carbonate,  50  kg. 

With  nitric  acid  solution  one  can  proceed  directly 
to  the  extraction  while  the  sulphuric  acid  and  car- 
bonate solution  have  to  be  treated  by  various  meth- 
ods in  order  to  obtain  a  precipitate  with  the  highest 
possible  concentration  of  uranium  which  is  then 
dissolved  in  nitric  acid  and  sent  for  extraction. 

Among  the  different  procedures  and  processes 
which  were  developed,  we  shall  describe  here  the 
following:  (1)  precipitation  of  uranium  from  solu- 
tions by  ammonium  sulphide  solution;  and  (2)  direct 
extraction  of  uranium  from  solution  with  a  low  con- 
centration of  uranium. 

PRECIPITATION   OF    URANIUM    FROM   SOLUTIONS 
BY  AMMONIUM  SULPHIDE 

The  process  for  dissolving  the  uranium  com- 
pounds in  sulphuric  acid  or  Na2CO3  is  well  known, 
and  will  not  be  described  here.8'7  The  solutions  ob- 
tained by  leaching  of  ore  with  H2SO4  or  NaoCO3 
were  then  treated  according  to  the  following  scheme. 


II2SO4  —  solution 
CaO  up  to  pH  of  3.5-4 


(1) 


The  precipitate, 
after  washing  with 
H2SO4  is  rejected 


NaOH  or  NH4OH 
up  to  pH  5.6-5.8 


(NH 


Filtrate  rejected 


Uranyl  sulphite 


Na2COa  —  solution        H2SO4  —  solution 

Na2CO3  up  to  pH  10 


Solution  with 

complex  uranyl  carbonate 

H2SO4  up  to  pH  4 
Boiled  to  expel  the  CO2 
NaOH  up  to  pH  5.6-5.8 
(NH4)2S 


Precipitate  rejected 
(2) 


Uranyl  sulphide 


Filtrate  rejected 


As  can  be  seen  from  the  preceding  scheme,  the  pro- 
cess was  carried  out  with  acid  as  well  as  alkaline 
solution.  The  procedure  showed  itself  to  be  very 
rapid  and  convenient  for  large  scale  work. 


100 


100 


100 


Figure  IB. 
Effect  of  HNOs  on  U-extraction 
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Figure  2B. 
Effect  of  Fe  on  U-extraction 


30 


Figure  3B. 
Effect  of  NasSO*  on  U-extraction 
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The  initial  solution  had  in  both  cases  a  pH  of 
3.5-4.  In  the  first  case  this  was  obtained  by  adding 
lime  to  the  solution  to  bind  the  excess  acid.  The 
resulting  precipitate  of  CaSC>4  and  other  hydroxides 
was  then  centrifuged  and,  as  it  contains  some  trapped 
uranium,  it  was  washed  with  10%  H2SO4.  After 
that  the  residue  was  rejected  while  the  sulphuric  acid 
solution  with  uranium  was  used  for  the  new  charge. 

In  the  second  scheme,  the  sulphuric  acid  solution 
was  treated  with  sodium  carbonate  up  to  a  pH  of 
10,  so  that  the  uranium  went  into  the  solution.  This 
solution  was  then  brought  to  pH  of  3.5-4,  by  adding 
sulphuric  acid,  after  which  the  CO2  was  expelled  by 
boiling.  As  is  well  known,  carbonates  form  complex 
uranyl  compounds  and  prevent  the  precipitation  of 
uranyl  sulphide. 

We  had  not  time  to  investigate  the  possibility  that 
the  destruction  of  carbonate  may  be  avoided  by  boil- 
ing and  by  direct  precipitation  of  acid  solution  with 
(NH4)2S,  so  that  the  H2S  formed  drives  out  the 
CO2  from  the  solution. 

It  is  known  that  uranyl  sulphide  precipitate  with 
(NH4)oS  from  alkaline  solutions,  gives  a  dark- 
brown  substance.8  Because  of  that,  the  solution  which 
was  obtained  was  brought  to  pH  of  5.6-5.8  by 
addition  of  ammonia  or  better  of  NaOH,  after  which 
the  precipitation  with  (NH4)2S  was  carried  out 
according  to  the  reaction: 

UOa++  +  HS-  +  NH3-»UO2S  +  NII4+ 

The  precipitation  of  uranyl  sulphide  can  be  made 
in  the  whole  range  of  temperature  between  20-80°  C. 
The  addition  of  (NH4)oS  solution  was  continued 
until  the  precipitation  of  sulphide  stops,  which  is 
usually  attained  at  pH  of  8-9.  The  whole  precipita- 
tion process,  from  the  moment  when  pH  of  4  is 
reached  up  to  the  end,  lasts  about  10-20  minutes. 
The  precipitation  of  uranium  is  quantitative,  espec- 
ially if  one  adds  0.5  kg  iron  hydroxide  as  carrier  per 
ton  of  ore.  The  consumption  of  reagents,  time  of 
process  and  yield  of  U  extraction  were  as  follows: 


The  work  was  done  with  the  same  ore  used  prev- 
iously, but  the  grinding  was  better,  as  can  be  seen 
from  the  following  grinding  analysis: 


Reagents 
(/»rr  ton  of  ore) 

1.      (50  kg  H0S04) 
25  kg  Cab 
38  kg  NaOH 
30  1  (NH4),,S 
2a.     (50  kg  H0S04) 
(90  kg  Na2C03) 
15  kg  H^S04 
and  boiling 
5  1  (NH4).,S 
2b.     (50  kg  Na2CO8) 
(20  kg  H2S04) 

and  boiling 
c  1  (NH4)2S 


Time  of  process 

1      hr  at     70-80°C 

30      min  at       40°C 


Yield 

75-80%  U 
80-90%  U 


10-20  min  at        40°C  100%  U 

1  hr  at     70-80°C  75-80%  U 

1  hr  at          60°C  80-90%  U 

1  hr  at          95°C 

10  min  at  30-40°C  100%  U 

1  hr  at          95°C  60%  U 

1  hr  at          95°C 

10  min  at  30-40'C  100%  U 


DIRECT    EXTRACTION    OF    URANIUM    FROM 
SOLUTION   WITH   LOW  URANIUM   CONTENT 

As  the  majority  of  our  ores  contains  100-500  gm 
uranium  per  ton,  we  paid  special  attention  to  the 
processes  for  the  direct  extraction  of  uranium  from 
the  solution  resulting  from  leaching  of  such  ores. 


DIN 
4 
8 

11 

50 

60 

80 

100 

-100 


Diameter 
1.50  nrm 
0.75  mm 
0.54  mm 
0.12  mm 
0.102mm 

0.06  mm 
—  0.06 


Per  cent 

1.32 

9.14 

7.40 

52.94 

2.66 

5.50 

0.90 

19.80 


The  charge  was  250  kg,  the  ratio  ore/solution  was 
again  1/1.7,  the  temperature  of  leaching  was  between 
70--80°C,  with  constant  stirring  for  30-60  minutes. 
The  reaction  of  leaching,  with  nitric  acid,  was  fin- 
ished within  the  first  30  minutes. 

The  leaching  of  ore  with  different  concentrations 
of  nitric  acid  gave  the  following  results: 

%HNOt  Per  cent  U 

2  50-60 

4  65-75 

6  70-80 

8  85-95 

The  resulting  solution  was  examined  especially 
with  regard  to  the  content  of  SO4=  and,  if  it  was 
more  than  50  gm  per  liter  of  solution,  it  was  blocked 
or  precipitated  with  the  addition  of  lime.  The  re- 
sulting precipitate  was  centrifuged,  washed  and  re- 
jected. The  filtrate  was  examined  on  the  content  of 
HNO3,  Fe+  +  ,Ca+  +  and  SC^  and  if  necessary  cor- 
rected to  the  optimum  content  of  these  materials  and 
then  sent  to  the  ether  extraction. 

Extraction  was  made  with  "Luwesta-  Sol  vent  ex- 
tractor'', type  2006,  made  by  Westphalia  Separator 
A.G.,  Oede,  Westfallen.  This  apparatus  works  con- 
tinuously on  the  countercurrent  principle  with  three 
stages  of  extraction.  The  apparatus  can  also  separate 
solid  substances  brought  in  with  the  initial  solution 
or  formed  in  extraction,  which  is  very  convenient. 

The  extraction  of  nitrate  solution,  the  specific 
gravity  of  which  was  between  1.15-1.4,  was  made 
with  technical  ether  of  specific  gravity  0.73.  The 
influence  of  HNOs,  Fe++,  Ca++  and  SO^  concen- 
tration on  the  efficiency  of  the  uranium  extraction 
was  investigated  several  times. 

The  influence  of  pressure  of  mixing  during  the 
extraction  and  also  the  ratio  of  both  solutions  on  the 
uranium  extraction  were  investigated.  The  results 
of  these  investigations  are  shown  in  the  table  below. 

From  the  data  given  above,  we  can  come  to  the 
following  conclusions : 

1.  The  influence  of  the  concentration  of  the  nitrate 
solutions,  and  of  Fe  and  Na2SO4  are  shown  in  Figs. 
1-3.  The  diagrams  show  that  Fe++  together  with  the 
other -components  of  solution  have  a  great  influence 
on  the  efficiency  of  Uran  extraction.  From  our  ex- 
perience the  optimum  composition  of  the  solution 
for  the  extraction  would  be  the  following  (in  gm/1)  : 
HNO3,  110-130;  Fe++,  18-22;  Ca++,  10-20; 
Na2SO4.  0-40. 
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2.  The  optimum  pressure  of  nitric  solution  during 
the  extraction  is  1.5  atm.  An  increase  to  1.75  atm 
has  no  effect,  while  a  decrease  to  1.25  atm  decreases 
the  effect  of  uranium  extraction.  So  far  as  ether  is 
concerned,  the  optimum  extraction  is  obtained  when 
the  ether  is  mixed  with  nitrate  solution  without  pres- 
sure. The  increase  of  pressure  does  not  seem  to  have 
any  effect  on  the  extraction,  except  that  it  increases 
the  consumption  of  ether. 

3.  We  have  also  investigated  the  ratio  of  nitrate 
solution  to  ether,  for  the  following  values 


300 
300 
500 
500 
500 


500 
300 
500 
300 
200 


(1:1.67) 

(1:1) 

(1:1) 

(1.67:1) 

(2.50:1) 


from  which  values  we  can  see  that  the  volume  of 
nitrate  solution  can  be  1.67  up  to  2  times  greater 
than  the  volume  of  ether. 

CONCLUSION 

An  attempt  has  been  made  in  this  paper  to  exam- 
ine the  problems  of  leaching  bituminous  shales  with 
uranium  content  of  average  136  gm  per  ton  of  ore 
and  to  describe  the  data  of  leaching,  precipitation 
scheme  and  techniques,  as  well  as  the  extraction. 


Two  effective  procedures  have  been  described.  The 
precipitation  of  the  solution,  obtained  by  different 
methods  of  leaching,  with  (NH^S  seems  to  be  very 
attractive  and  effective,  and  yields  consistently  high 
uranium  extraction  from  the  solution  even  with  low 
uranium  content. 

Leaching  with  HNO3  and  direct  extraction  of 
nitrate  solution  with  ether,  without  any  precipitation 
between,  also  yield  to  90-95%  uranium  extraction 
from  any  ore  we  investigated.  The  data  for  optimum 
nitrate  solutions  content  are  given,  as  well  as  other 
data  of  extraction. 
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gm/l 

Fe 

gm/l 
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Chemical  Aspects  of  the  Uraniferous  Zirconium 
Ore  of  Po^os  de  Caldas  (Brazil) 

By  F.  J.  Maffei,  Joao  R.  Pucci  and  W.  Ferreira,*  Brazil 


For  a  long  time  it  has  been  known  that  the 
zirconium  ore  found  in  large  quantities  in  the 
Brazilian  plateau  of  Po^os  de  Caldas  shows  a  marked 
radioactivity  but  only  recently  has  it  been  connected 
with  its  uranium  content.  Some  samples  of  the  ore 
run  as  high  as  2%  U3O8 ;  very  few  samples  have 
been  found  with  less  than  0.2%  and  the  general 
average  is  of  the  order  0.5  to  0.6%  U3O8.  Under  the 
auspices  of  the  Brazilian  Research  Council  a  sys- 
tematic study  of  the  chemical  behavior  of  the  mineral 
has  been  undertaken  to  determine  conditions  for  the 
separation  of  uranium.  This  paper  presents  an 
account  of  the  results  obtained,  with  analysis  of 
the  ore,  and  the  effect  of  many  chemicals  on  the 
solubilization  of  the  uranium  and  other  components 
of  the  ore. 

INTRODUCTION 

The  Brazilian  Plateau  of  POQOS  de  Caldas  has  been 
for  a  long  time  known  for  the  occurrence  of  large 
beds  of  zirconium  minerals  variously  named  in  the 
literature  as  "caldasite",  "baddeleyite",  "brazilite", 
"zirkite",  "zirkelite",  and  "favas".  Commercial  lots, 
with  a  ZrO2  content  ranging  from  70%  up  to  85% 
have  in  the  past  been  exported  from  Brazil.  Indi- 
vidual samples  with  more  than  90%  ZrO2  are 
frequently  found. 

Venable1  gives  a  fair  brief  account  of  the  deposits 
of  POC.OS  de  Caldas  in  the  following  words : 

"The  deposits  are  in  the  Caldas  region  which 
lies  partly  in  the  State  of  Minas  Gerais  and  partly 
in  the  State  of  Sao  Paulo,  approximately  130 
miles  north  of  the  city  of  Sao  Paulo.  It  is  a 
mountainous  plateau,  the  main  elevation  of  which 
is  about  3600  feet  The  surface  is  undulating, 
presenting  differences  in  level  of  from  300  to  600 
feet.  The  whole  area  is  bounded  on  all  sides  by 
ridges  rising  abruptly  from  600  to  1200  feet 
above  the  general  level  and  forming  a  roughly 
elliptical  inclosure  with  a  major  axis  of  approxi- 
mately 20  miles  in  length  and  a  minor  axis  of 
15  miles.  The  predominant  rock  of  the  plateau  is 
phonolite. 

"The  ore  can  be  divided  roughly  into  two 
classes.  First,  alluvial  pebbles  ranging  in  size  from 
one-half  inch  to  three  inches  in  diameter,  generally 
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carrying  about  90-93  per  cent  of  zirconia.  The 
pebbles,  known  as  4t favas"  and  having  a  density 
of  4.8-5.2,  are  found  along  small  stream  beds  and 
on  the  talus  slopes  of  low  ridges.  Second,  zirconia 
ore  proper  or  zirkite,  which  ranges  in  shade 
from  a  light  gray  to  a  blue-black,  the  lighter 
colored  material  carrying  a  larger  percentage  of 
zirconium  silicates  and  showing  a  minimum  con- 
tent of  73  per  cent  zirconia.  The  blue-black  ore 
generally  carries  80-85  per  cent  of  zirconia." 

The  ore  is  a  mixture  of  oxide  and  silicate,  its 
ZrO2  content  seldom  being  lower  than  the  theoretical 
content  of  the  silicate.  As  impurities,  ferric  oxide 
and  sometimes  titanium  oxide  are  the  major  im- 
purities ;  aluminium  and  uranium  range  from  a  few 
tenths  to  around  2%.  Of  the  minor  impurities, 
phosphorus  and  manganese  are  found  as  a  few 
tenths  of  one  per  cent  and  of  course  hafnium  is 
always  present. 

The  zirconium  ore  of  POQOS  de  Caldas  has  been 
known  to  be  radioactive  for  a  long  time,  but  its 
relation  to  the  significant  amount  of  uranium  present 
in  the  ore  has  only  recently  been  established. 

Hevesy2  states  that  all  zircons  exhibit  radioactivity 
by  virtue  of  presence  of  minute  amounts  of  uranium 
and  thorium  and  that  the  radioactivity  of  zircons 
show  a  rough  parallelism  with  their  hafnium  con- 
tent. Lee3  recognizes  that,  if  a  zircon  is  found 
markedly  radioactive,  it  is  reasonably  certain  that 
the  mineral  wil)  prove  to  contain  an  appreciable 
amount  of  hafnium.  It  is  unfortunate  that  his  list 
of  hafnium-bearing  zirconium  minerals  does  not 
show  any  data  relating  to  the  radioactivity  of  the 
minerals  analysed. 

Our  work  confirms  in  broad  lines  the  above 
statement  although  we  have  not  been  able  to  deter- 
mine the  hafnium  content  with  a  great  precision  but 
all  the  zirconium  minerals  of  Poqos  de  Caldas  show 
the  presence  of  hafnium  and  owe  their  radioactivity 
to  the  uranium  content.  This  rule  has  been  con- 
firmed by  a  high  hafnium  (around  10%  Hf) 
zirconium  mineral  from  the  northwest  part  of 
Brazil  with  an  uranium  content  of  above  4%. 

So  far  we  have  not  been  able  to  detect  any  appre- 
ciable amount  of  thorium  associated  with  zirconium 
ore  that  we  have  tested  so  its  radioactivity  is  a 
direct  measure  of  its  uranium  content. 
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It  is  quite  interesting  to  note  that  in  the  same 
plateau  of  Poqos  de  Caldas  is  found  a  hill  formed 
chiefly  of  iron  ore  which  shows  a  very  marked 
radioactivity;  the  uranium  content  is  very  low  in 
contrast  to  a  high  thorium  content  as  shown  in 
Table  I. 

Table    I.     Uranium    and    Thorium    Content    of    an 
Iron  Ore  of  the  Plateau  of  Po$os  de  Caldas 


Radiometric  equivalent 
in  %  Ua08 


%  rare  earths 


0.32 
0.50 
0.62 


0.05 
0.04 
0.01 


3.6 
11.9 
12.0 


1.44 
1.59 
2.36 


A  representative  analysis  of  the  zirconium  ore 
of  Poqos  de  Caldas,  resulting  from  a  sample  collected 
from  more  than  one  hundred  commercial  shipments, 
is  .shown  in  Table  II. 

Table    II.     Average   Analysis   of  Commercial 
Zirconium   Ore  of  Pogos  de  Caldas 


Loss  on  ignition  (1000°C) 

2.9  % 

SiOo 

14.1  % 

MnO 

0.38% 

Fe203 

6.1  % 

1.2  % 

A1203 

2.3  % 

Pjgs 

0.26% 

75.6  % 

u3o28 

0.6  % 

No  connection  between  the  major  constituent 
and  uranium  content  can  be  found.  Table  Til  shows 
samples  which  exemplify  this  statement. 

ANALYTICAL  PROCEDURES 

Before  going  further  in  this  report  it  is  proper 
to  state  briefly  the  analytical  procedures  followed  in 
this  work.  As  it  is  known,  zirconium  minerals  are 
very  refractory  to  chemical  attack,  and  the  silicate 
is  even  more  refractory  than  the  oxide. 

This  has  to  be  borne  in  mind  when  the  ore  has 
to  be  decomposed  for  its  solubilization.  The  sample 
should  be  minus  200-mesh  and  as  opening  reagents 
strong  fluxes  such  as  borax,  bifluorides  or  potassium 
bisulfate  should  be  used.  In  this  work  the  bisulfate 
has  been  preferred  even  though  a  few  tenths  of  one 
per  cent  of  zirconium  silicate  remains  unattacked. 

The  separation  of  uranium  has  been  accomplished 
by  the  use  of  cupferron-carbonate  in  many  instances 
but  the  most  usual  procedure  has  been  the  extraction 
of  uranium  by  ethyl  ether.  4»B 

Table   III.     Uranium   Content  Compared  with 

Contents  of  Major  Constituents  of 

Zirconium  Ore 


%  U308 

0.70 

1.16 

0.82 

0.25 

0.71 

0.31 

%  Zr02 

82.2 

75.0 

71.5 

69.9 

74.3 

62.5 

%  SiO,, 

5.2 

12.0 

24.0 

26.8 

23.3 

19.0 

%  Fe268 

7.9 

2.9 

2.7 

1.9 

1.8 

5.6 

The  final  uranium  content  has  been  obtained 
mostly  by  spectrophotometric  means,  by  fluori- 
metric  determination  in  case  of  extremely  minute 
quantities  and  by  weighing  of  uranium  oxide  in 
case  of  larger  quantities. 

As  said  above,  the  radioactivity  of  the  zirconium 
ores  of  Po(;os  de  Caldas  is  due  entirely  to  its  uranium 
content,  no  thorium  having  been  found  in  significa- 
tive amounts.  The  equivalent  uranium  content 
measured  with  a  Geiger  counter  is  a  valuable  and 
simple  way  to  check  the  results  obtained  in  the 
analysis  of  the  ores.  The  graph  (Fig.  1)  exemplifies 
the  excellent  agreement  between  radiometric  urani- 
um equivalent  (full  line)  and  uranium  content  by 
chemical  analysis  ( points ) . 


Figure  1.  UaOs  content  by  chemical  analysis 
and  radiometric  determination 

The  following  results  show  the  good  checks  ob- 
tained on  different  samples  using  the  procedures 
referred  to  above  (results  in  %  UsO8). 


Cupferron      Ether  extraction      Fluorimetric 


0.40 
0.43 
0.54 
0.69 
0.22 


0.40 
0.42 


0.42 
0.54 


0.53 
0.66 
0.27 
0.43 
0.51 


Radiometric 
0.40 
0.42 


0.46 
0.55 


Laboratory  Investigations  for  the  Industrial 
Separation  of  Uranium 

The  sizable  quantity  of  uraniferous  material 
found  in  Po^os  de  Caldas  and  its  high  content  of 
uranium  were  thought  to  justify  a  thorough  study 
of  the  possibility  of  utilizing  this  material  as  a 
source  of  uranium  for  atomic  purposes, 

Petrographic  studies  of  the  minerals  followed 
by  chemical  tests  showed  that  uranium  is  not  found 
as  an  individual  rnineralogical  species  apart  from 
the  rest  of  constituents  of  the  mineral  and  that  the 
uranium  is  either  extremely  dispersed  or — which 
seems  much  more  probable  as  inferred  by  its 
chemical  behavior — belongs  at  least  partially  to  the 
crystal  lattice  of  the  zirconium  oxide  and  its  sepa- 
ration is  feasible  only  if  the  lattice  is  destroyed. 
It  seems  that  the  substitution  of  the  uranium  for 
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the  zirconium  is  limited  and  an  equilibrium  between 
both  elements  in  the  lattice  is  attained  when  the 
uranium  is  of  the  order  of  less  than  one  per  cent. 
The  excess  content  is  much  more  amenable  to 
extraction  by  relatively  mild  treatment  with  acids 
which  do  not  strongly  attack  the  ore.  The  results 
found  in  Table  IV  show  that  the  uranium  extracted 
by  concentrated  nitric  acid  at  temperature  of  150°C 
somewhat  parallels  the  uranium  originally  present  in 
the  ore  and  that  the  extraction  has  no  relation  to 
the  amount  of  ore  attacked. 

Table  IV.    Attack  with  Nitric  Acid 


%Upiin 
original  ore 

%  upt 
extracted 

%  Ore  Attacked 

0.38 

0.05 

7 

0.47 

0.13 

10 

0.50 

0.10 

18 

0.58 

0.10 

14 

0.63 

0.14 

7 

0.75 

0.07 

20 

0.80 

0.03 

10 

0.88 

0.07 

7 

1.15 

0.38 

5 

1.29 

0.88 

6 

1.39 

0.80 

6 

1.65 

1.44 

13 

2.00 

0.75 

7 

2.20 

1.76 

10 

The  amount  of  uranium  extracted  shows  limited 
dependence  on  the  time  of  extraction,  in  one  case 
10%  of  the  uranium  present  being  extracted  in  1 
hour  and  not  more  than  24%  in  30  hours. 

When  the  uranium  is  extracted  in  large  propor- 
tions, the  concentration  of  the  nitric  acid  does  not 
affect  the  results  significantly  as  is  shown  by  the 
following  example:  extracted  by  10%  nitric  acid, 
27%  of  the  uranium  content;  by  25,  50  and  70% 
nitric  acid,  34%  of  the  uranium  content. 

The  results  of  extraction  with  different  acids  are 
found  in  Table  V.  Table  VI  shows  the  results  with 
a  0.65%  UaO8  ore  in  a  mixture  of  sulfuric  and  hydro- 
fluoric acids  which  was  found  particularly  efficient. 
But  here  we  see  that  the  increase  in  uranium  ex- 
tracted is  the  result  of  increased  attack  of  the  ore. 

Table  V.     Extractions  with  Acids 


%U,08in 

%  of  the  UtOB  content  recovered 

ore 

HNO, 

H,SOt 

HF 

HCl 

1.7 

54 

70 

40 

60 

0.65 

11 

15 

20 

6.5 

Mixtures  of  nitric  and  hydrochloric  acids  did 
not  show  any  improvement  on  the  extraction 
efficiency  of  either  of  the  acids  alone. 

The  solubility  of  uranium  in  acids  is  decreased 
if  the  ore  is  previously  heated  to  high  temperatures. 
A  sample  of  0.60%  U3O8  ore,  from  which  24%  of 
the  uranium  could  be  extracted  by  nitric  acid,  after 
being  calcined  at  1000° C,  showed  a  solubility  of 

%.  Much  more  pronounced  is  the  effect  of  heat 


Table   VI.     Uranium    Extraction    with    Mixtures   of 
H2SO4  and  HF 


Parts  acid  in  mixture 
for  1  part  of  ore                        % 

%  of  the 
oriainal  U.O. 

HtSOk 

HF 

HtO              unattached  ore      content  recovered 

5 

1 

0.5 

80 

26 

10 

1 

1 

60 

50 

10 

2 

1 

51 

54 

10 

2 

1 

43 

54 

10 

3 

1 

33 

75 

10 

3 

1 

33 

75 

on  ores  with  higher  uranium  content:  a  1.6% 
ore,  when  heated  at  1000°C  gave  32%  of  its  ura- 
nium content  to  nitric  acid  against  58%  when  ex- 
tracted before  calcining. 

Results  so  far  given  refer  to  tests  carried  out 
with  acids  at  temperatures  as  high  as  150°C.  With 
nitric  acid,  tests  carried  under  pressure  of  10  atm 
did  not  show  any  improvement  over  tests  carried 
at  lower  temperatures. 

The  results  reported  above  show  also  that  with 
the  average  ore  (0.60%  U3O8)  higher  extractions 
of  uranium  are  only  possible  if  the  zirconium  ore 
is  also  decomposed. 

With  sulfuric  acid  at  temperatures  above  300°  C 
in  3  hours  the  ore  can  be  decomposed  resulting  in 
a  solubilization  of  90%  of  the  uranium. 

The  ore  remaining  unattacked  is  mainly  zir- 
conium silicate.  Excess  acid  can  be  eliminated  by 
heating  around  600° C,  leaving  the  solubility  of 
uranium  unaffected. 

High  recovery  of  soluble  uranium  can  be  gained 
by  fusion  of  the  ore  with  common  fluxes.  With 
sodium  carbonate  the  total  decomposition  of  the 
mineral  is  not  possible  and  the  uranium  is  only 
partially  recovered  as  is  shown  in  Table  VII.  In 
tests  1  to  4  shown  therein,  one  tenth  of  a  part  was 
added  as  sodium  nitrate  and  in  test  5  as  sodium 
fluoride. 

Table  VII.     Recovery  of  Uranium  by  Fusion 
with  Sodium  Carbonate 


Test 
no. 

Part  Na,C03 
to  1  part  of  ore 

%  u,ot 

recovered 

1 

0.2 

34 

2 

0.5 

39 

3 

1 

56 

4 

3 

72 

5 

1 

70 

Fusion  with  either  sodium  chloride  or  sodium 
fluoride  showed  very  poor  results.  Fusion  with  a 
mixture  of  both  gave  only  25%  solubilization  of 
uranium. 

Sodium  hydroxide  gave  results  somewhat  higher. 
Fusion  of  one  part  of  ore  with  one  part  of  caustic 
soda,  at  800°  C,  gave  58%  solubilization  of  uranium. 
Lower  or  higher  proportions  of  NaOH  brought 
lower  results. 
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Fusion  with  sodium  hydroxide  to  which  sodium 
nitrate  was  added  showed  slight  improvement  in  the 
recovery  of  uranium. 

Sodium  hydroxide  with  sodium  chloride  or  with 
sodium  fluoride  affected  very  favorably  the  recovery 
of  soluble  uranium  as  Tables  VIII  and  IX  show. 

Table  VIII.     Recovery  of  Uranium  by  Fusion 
with  NaOH  +  NaCI 


Parts  NaOH 

Parts  NaCI 

%  U3Oa 

to  1  part  of  ore 

to  1  patt  of  ore 

recovered 

1 

0.2 

83 

1 

1 

63 

2 

1 

70 

3 

0.3 

80 

3 

0.3 

83 

3 

2 

60 

4 

0.4 

66 

S 

0.5 

66 

Table  IX.     Recovery  of  Uranium  by  Fusion 
with  NaOH  +  NaF 


Parts  NaOH 

Parts  NaF 

%  USO8 

to  l 

part  of  ore 

to  1  part  of  ore 

recovered 

0.5 

0.1 

66 

1 

0.1 

83 

1 

0.2 

86 

2 

0.2 

96 

3 

0.15 

90 

3 

0.3 

93 

Potassium  bisulfatc  is  one  of  the  best  reagents  to 
decompose  the  zirconium  ore  of  Poqos  dc  Caldas. 
Fusion  at  700-800° C  is  quite  convenient  for  the 
almost  total  opening  of  the  ore  and  leaves  only  very 
small  quantities  of  zirconium  silicate  unaffected.  It 
was  therefore  thought  advisable  to  experiment  with 
potassium  bisulfatc  as  a  flux  for  the  solubilization 
of  the  uranium  of  the  zirconium  ore.  Results  are 
shown  in  Table  X.  From  these  tests  it  can  be  con- 
cluded that  using  some  10  parts  of  bisulfate  to  1 
part  of  ore,  95%  of  the  total  uranium  content  can 


be  put  in  solution.  Here  again  it  can  be  remarked 
that  the  uranium  recovery  follows  almost  propor- 
tionally the  amount  of  zirconium  ore  decomposed. 

Table  X.     Recovery  of  Uranium   by   Fusion 
with  Potassium  Bisulfate 


Parts  KHSO4 

%  unattached 

%  US08 

to  1  part  of  ore 

ore 

recovered 

0.5 

95 

17 

1 

87 

30 

2 

71 

50 

4 

63 

76 

10 

27 

95 

Chlorine  attack  of  the  ore  at  high  temperatures, 
as  an  attempt  to  selectively  volatilize  uranium, 
failed.  Only  at  temperatures  above  1000°C  is  the 
process  complete  acd  then  all  chlorides  distill  off 
together. 

CONCLUSION 

In  conclusion  we  can  say  that  though  we  have  in 
POC.OS  de  Caldas  a  very  important  potential  source 
of  uranium,  its  recovery  is  associated  with  techno- 
logical problems  arising  from  the  intimate  associa- 
tion of  uranium  with  zirconium.  Technological 
investigations  have  been  concluded  with  very 
promising  results  for  the  economical  production  of 
uranium  for  its  peaceful  use  in  nuclear  reactors. 
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Preparation  and  Separation  of  Uranium  Peroxide,  As  a  Stage 
in  the  Chemical  Purification  of  Crude  Uraniferous  Products 

By  E.  L  Zimmer,*  Italy 


The  purification  of  uranium  salts  for  the  produc- 
tion of  high  purity  uranium  metal  (for  nuclear 
reactors)  is,  as  a  rule,  based  on  the  fact  that,  in 
most  instances,  the  solubility  of  uranyl  nitrate  in 
organic  solvents  (particularly  ethers  and  ke tones) 
and  the  insolubility  of  uranium  peroxide  in  an  acid 
medium  are  used  in  order  to  achieve  very  high 
purification  of  the  crude  uranium  salts  obtained  from 
the  products  of  the  chemical  treatment  of  ores  (am- 
monium or  sodium  uranate,  salt  of  the  oxide  U3O8) 
by  dissolution  in  acids. 

These  two  operations  purify  the  crude  salts  to  a 
degree  impossible  to  achieve  by  conventional 
chemical  purification  methods  used  in  industry,  which 
are  based  mainly  on  the  formation  of  soluble  com- 
plex salts  with  the  carbonates.  Currently,  there  is 
fairly  extensive  literature  on  the  technique  of  extract- 
ing uranyl  nitrate  from  its  aqueous  solutions  by 
organic  solvents  as  a  separation  and  purification 
method.  On  the  other  hand,  there  is  a  nearly  com- 
plete lack  of  data  on  methods  of  preparation  and 
separation  of  uranium  peroxide. 

The  formation  of  UO4  •  2H2O  by  addition  of  H2O2 
to  uranyl  salts  in  solution  has  been  known  since 
1877  j1  however,  we  know  of  very  few  papers  in  the 
field  of  preparative  chemistry,2"6  and  almost  none  at 
all  in  industrial  chemistry  regarding  this  compound, 
although  today  it  is  rather  interesting  from  a  tech- 
nical standpoint. 

At  the  Bouchet  plant,  which  is  working  for  the 
French  Atomic  Energy  Commission,  the  two  above- 
mentioned  purification  methods  are  used;6  in  Great 
Britain,  according  to  an  official  release,7  the  first 
purification  is  carried  out  in  the  Springfields  plant 
by  H2O2  precipitation  of  a  sulfuric  acid  solution  of 
the  uranyl  salts  obtained  by  acid  leaching  of  the 
minerals.  The  Argentine  Atomic  Energy  Commis- 
sion has  also  studied  in  its  laboratories  the  prepara- 
tion of  UO4  •  2  H2O.8  A  recently  published  report 
of  the  Argonne  National  Laboratory9  also  contains 
quite  extensive  data  on  the  best  methods  for  obtain- 
ing UO4*2H2O,  as  a  quantitative  analytical  separa- 
tion method. 

The  chemical  laboratory  of  the  CISE  group 
(Milan)  made  a  study  of  the  precipitation  and 
separation  of  UO4  •  2  H2O,  starting  from  UaO8  and 

Original  language:  French. 
*  Laboratori  CISE,  Milano. 


crude  ammonium  uranate,  in  order  to  determine 
practical  conditions  for  preparation,  and  to  note 
the  advantages  and  limitations  of  this  purification 
method. 

THEORETICAL  PRINCIPLES  AND   PRACTICAL 

CONDITIONS  FOR  THE   PRECIPITATION 

OF  UO4-2H,p 

Uranium    peroxide    results    from    the    chemical 
equation  : 

+  +  H202  +  2H20  ^  U04  •  2HaO  +  2H+ 


the  equilibrium  of  which,  under  normal  operating 
conditions,  is  almost  completely  shifted  to  the  right. 
So  far,  little  is  known  of  the  influence  of  temperature 
on  equilibrium.  The  thermal  tonality  of  the  reaction, 
according  to  the  latest  thermochemical  data10  was 
only  a  few  kcal/tnole,  but  it  is  to  be  expected,  that, 
at  least  in  a  fairly  narrow  temperature  range  (about 
20  to  50°C)  the  temperature  has  no  notable  effect 
on  equilibrium.  It  is  true  that  it  is  possible  to 
re-dissolve  UO4  •  2  H2O  precipitated  by  the  action 
of  boiling  acid  solutions,  but  it  is  not  easy  to 
distinguish  between  the  effect  of  reversal  of  equi- 
librium caused  under  these  conditions  and  the  spon- 
taneous decomposition  (particularly  the  catalyzed 
decomposition)  of  H2O2,  which  obviously  favors  the 
redissolution.  Patterson9  points  out  a  few  other 
conditions  besides  pH  (which  deserves  special  dis- 
cussion) which  have  considerable  effect  on  the  pre- 
cipitation of  UO4  •  2H2O  salt.  In  the  first  place,  one 
can  mention  the  actual  solubility  of  uranium  peroxide 
in  water,  or  better  in  the  salt  solution  in  which  ura- 
nium peroxide  is  precipitated.  Data  for  this  are 
fairly  contradictory:  Mazzucchelli8  indicates  an  ap- 
proximate solubility  of  5-9  mg  UO4  per  liter  in 
pure  water  or  in  a  solution  of  0.1M  NH4C1.  In 
more  concentrated  solutions  (about  0.5M  ammo- 
nium salts),  we  have  found  that  the  solubility  of 
UO4«2H2O  is  often  practically  negligible:  i.e.,  it 
is  barely  possible,  if  at  all,  to  recognize  qualitatively 
the  presence  of  uranyl  salts  in  solution  by  a  charac- 
teristic reaction  (for  example,  by  oxyquinoline)  in 
the  filtrate  which  is  separated  from  the  precipitates 
following  suitable  decantation.  Under  those  condi- 
tions precipitation  is  quantitative:  this  is  also  clear 
from  the  analytical  work  mentioned  by  Duval11 
and  the  work  of  Patterson.9 
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It  has  been  recognized  for  a  long  time  that  many 
neutral  salts  inhibited  the  precipitation  of  uranium 
peroxide;  precipitation  is  retarded  or  even  sup- 
pressed in  the  presence  of  an  excess  (how  impor- 
tant?) of  alkali  and  alkaline-earth  metal  salts;9  it 
would  be  incomplete  in  the  presence  of  large  quan- 
tities of  alkaline-earth  chlorides  and  suppressed  by 
acetates,  oxalates,  tartrates,  sulfates  and  fluorides 
present  in  appreciable  concentration.3,9 

The  more  or  less  concentrated  mineral  acids, 
particularly  when  hot,  are  capable  of  dissolving 
UO4-2H2O  partially  4  or  totally.8  Sulfuric  acid  is 
particularly  noted  for  this :  this  is  why  precipitation 
in  a  very  acid  solution  is  incomplete9  or  suppressed.3 

To  achieve  complete  precipitation,  it  is  advisable 
to  use  a  pH  of  0.5  to  3,  preferably  >1.5,  or  better, 
2  to  2.5. 9  This  indeed  has  been  verified  by  experience. 

EXPERIMENTS    ON    THE    QUANTITATIVE 

PRECIPITATION  OF  UO4  •  2  H2O  FOR 
THE  PURIFICATION  OF  CRUDE  URANIUM  SALTS 

We  have  carried  out  many  experiments  on  the 
preparation  of  UC>4  •  2  H2O  from  solutions  of  crude 
uranyl  salts  obtained  by  dissolution  in  acids  of  an  im- 
pure ammonium  uranate  or  an  oxide  (UsOs)  obtain- 
ed from  the  latter  by  calcination  at  700-800°  C.  We 
have  studied  the  following  points,  which  may  affect 
purification :  pH  of  the  solution,  uranium  concentra- 
tion, nature  of  the  uranyl  salt  used  (i.e.,  nature  of  the 
mineral  acid  used  to  solubilize  the  insoluble  crude 
compounds),  temperature,  addition  of  ammonium 
salts.  We  have  also  endeavored  to  establish  a  correla- 
tion between  the  various  operational  conditions  and 
the  structure  of  the  precipitate  (particularly  the 
form  and  dimension  of  the  crystals,  which  obviously 
influence  the  possibility  of  filtering  and  washing  the 
precipitate  satisfactorily). 

The  structure  of  the  precipitate  varies,  particu- 
larly as  a  function  of  the  temperature  and  pH  of 
the  solution.  The  latter  variable  is  not  controlled  if 
uranium  peroxide  is  precipitated  by  the  addition  of 
II2O2  to  a  solution  of  a  uranyl  salt:  indeed,  for  a 
UO2+  +  ion  which  disappears  from  the  solution,  pre- 
cipitated in  the  form  of  UO4'2H2O,  two  H+  ions 
are  formed,  i.e.,  the  solution  is  progressively  acidi- 
fied during  precipitation :  final  acidity  being  approxi- 
mately equivalent  to  the  initial  concentration  of  the 
uranyl  salt.  Under  these  conditions  at  all  tempera- 
tures between  20  and  100°C  and  for  uranyl  salts 
solutions  ranging  between  0.1  and  1M,  there  results 
as  we  have  verified,  a  very  fine  light  colored  lemon- 
yellow  precipitate,  which  can  be  filtered,  centrifuged 
and  washed  only  with  great  difficulty,  and  which, 
when  wet,  has  the  consistency  of  a  pasty  wax.  Watt, 
Achorn  and  Marley5,  by  precipitating  at  90°  C  a 
0.1M  solution  of  UO2(NO3)  +  0.1M  of  HNO3 
by  an  insufficient  quantity  of  H2C>2,  obtained  a  fairly 
dense  precipitate  consisting  of  small  crystals  having 
a  cubic  habit;  at  a  lower  temperature  (40-50° C) 
but  with  an  excess  of  H2O2,  they  obtained  a  pre- 
cipitate having  a  similar  composition  but  much  more 


voluminous,  consisting  of  very  fine  needles,  con- 
glomerated in  microscopic  tufts:  in  the  precipitates 
obtained  at  a  pH^  1,  there  would  also  be  a  second, 
unidentified,  crystalline  phase.  This  second  crys- 
talline phase  would  not  exist  in  precipitates  obtained 
at  pH  2-3.5. 

The  pH  would  thus  have  an  evident  effect  on  the 
crystal  habit,  and  even  on  the  composition  of  the 
precipitate;  at  any  rate,  we  have  achieved  a  heavy 
crystalline  precipitate,  which  can  *be  filtered,  cen- 
trifuged, and  washed  very  easily,  by  adding  slowly 
and  with  agitation  at  40-50°C  a  small  excess  of 
H2O2  to  a  0.1-1M  uranyl  salt  solution;  while  meas- 
uring the  pH  of  the  solution  during  precipitation, 
and  adjusting  same  to  a  value  of  about  2-2.5  by 
the  addition  of  NH8  or  of  sodium  or  ammonium 
acetate.  Under  these  conditions,  precipitation  of  ura- 
nium peroxide  is  practically  quantitative:  one  gen- 
erally finds  less  than  10  mg  of  uranium  and,  in 
most  cases,  less  than  1  mg  of  uranium  per  liter  in 
the  mother  liquor. 

It  is  to  be  expected  that  the  quantity  of  uranium 
which  remains  in  the  mother  liquor  varies  with  the 
composition  of  the  initial  solution.  We  have  been 
able  to  find  a  systematic  variation  of  some  impor- 
tance by  using  solutions  of  uranyl  nitrate,  chloride, 
sulfate,  and  acetate,  with  pH  initially  adjusted  to 
2.5,  and  constantly  brought  back  to  this  value 
by  the  addition  of  NH3  for  the  precipitation  of 
U04'2II20. 

By  precipitating  in  this  way  a  0.5M  uranyl  nitrate 
or  acetate  solution  at  18°  C,  less  than  1  mg  U  per 
liter  is  found  in  the  mother-liquor ;  by  precipitating 
0.5M  solutions  of  uranyl  chloride  and  sulphate, 
11  and  23  mg  U  per  liter,  respectively,  are  found 
after  approximately  one-hour  contact  between  pre- 
cipitates and  mother-liquors,  and  much  less  after 
longer  contact.  This  would  show  that  chlorides  and 
sulphates  suppress  or  delay  precipitation.  In  reality, 
the  phenomena  are  a  little  more  complicated,  since 
incomplete  and  very  slow  precipitation  is  observed, 
which  still  is  not  completed  after  48  hours,  when 
ammonium  sulfate  is  added  to  a  0.5M  uranyl  sulfate 
solution  in  the  proportion  of  1  mole  per  liter,  or  if 
the  same  proportion  of  ammonium  acetate  is  added 
to  a  saturated  uranyl  acetate  solution.  The  addition 
of  ammonium  chloride  (1  mole  per  liter),  on  the 
contrary,  improves  and  completes  the  precipitation 
of  UO4'2H2O,  from  a  UO2C12,  solution,  while 
similar  addition  of  ammonium  nitrate  has  no 
noticeable  effect  on  the  precipitation  of  uranyl  nitrate 
solutions.  Thus,  the  effect  of  the  ammonium  salts 
depends  essentially  on  the  nature  of  the  anion :  gen- 
erally speaking  it  can  be  said  that  the  formation 
of  the  UO4'2H2O  precipitate  is  suppressed  or 
retarded  by  anions  which  can  form  complexes  with 
the  UO2+4"  ions  (sulfates,  acetates),  whereas  chlo- 
rides and  nitrates  have  no  noticeable  effect.  More- 
over, this  effect  of  sulfates  and  acetates  would  be 
noticeable  only  in  concentrations  higher  than  about 
0.5M  while  the  chlorides  and  the  nitrates  would  have 
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no  appreciable  effect,  at  least  up  to  a  solution  of 
about  1.5M.  When  solutions  of  uranyl  salts  are 
neutralized  with  a  sodium  or  ammonium  acetate 
solution  instead  of  NHa,  no  noticeable  difference 
is  observed:  generally  speaking  a  little  more  ura- 
nium is  found  in  the  mother  liquors. 

PURIFICATION  EFFECT  ON  CRUDE   URANYL  SALTS 
DUE  TO  THE   PRECIPITATION  OF  UO4-2H2O 

The  precipitation  of  UO4'2H2O  in  an  impure 
solution  of  a  uranyl  salt  would  theoretically  leave 
impurities  in  solution,  and  thus  would  achieve  com- 
plete purification,  except  in  the  case  where  there 
would  be  coprecipitation  of  sparingly  soluble  per- 
oxides in  a  weakly  acid  medium.  This  has  been 
verified8  in  the  presence  of  thorium,  zirconium,  haf- 
nium and  vanadium  (?).  In  reality,  one  must  also 
take  into  consideration  the  anions  in  the  solution 
which  might  be  carried  down  by  the  precipitate, 
despite  washings,  as  well  as  substances  which  might 
be  retained  by  absorption.  The  LJQ4'2H2O  pre- 
cipitate always  contains  more  or  less  considerable 
quantities  of  sul fates  (about  1%)  when  precipitated 
in  sulfuric  solution,  even  after  prolonged  washing. 
With  soluble  colloidal  silicon,  a  noticeable  quantity 
is  retained  in  UO4-2II2O.  Phosphates  are  carried 
down  in  the  precipitation  of  UO4'2H2O,  particu- 
larly in  the  presence  of  ferric  salts.  We  have  been 
able  to  check  this  by  the  Scribner  spectrographic 
analysis  method  ("carrier  distillation"  in  the  arc, 
by  Ga2O3).  A  very  impure  sample  of  UaO8  (pre- 
pared by  calcination  of  crude  ammonium  uranate) 
revealed,  under  chemical  and  spectrographic  analysis, 
a  number  of  impurities,  the  most  abundant  of  which 

were :  Si,  P,  Fe,  Cu,  B,  Pb The  purification  by 

precipitation  of  UO4  •  2  H2O  by  the  method  described 
above  permits  a  satisfactory  or  even  almost  com- 
plete elimination  of  the  following :  Ag,  As,  Al,  B,  Bi, 
Ca,  Mg;  Mn,  Mo,  Na,  Ni,  Sb,  Sn,  Zn. 

Elimination  was  not  complete  for  Cu  and  Pb 
(very  abundant  impurities)  and  very  incomplete 
for  Fe,  P,  Si  (abundant  impurities  subject  to  car- 


rier action).  This,  however,  does  not  constitute  a 
serious  limitation  of  the  use  of  the  purification 
method,  since  a  slight  modification  of  conditions 
could  considerably  improve  the  results.  It  is  well 
known  indeed9  that  ferric  salts  and  copper  can  be 
found  in  a  stable  complex  in  a  slightly  acid  medium 
to  make  them  less  detrimental:  to  this  end,  it  has 
been  recommended  that  organic  acids  (acetic,  lactic, 
malonic)  be  used,  and,  as  a  matter  of  fact,  during 
the  operations  which  precede  the  precipitation  of 
UO4-2H2O,  it  is  possible  to  eliminate  the  major 
part  of  the  phosphates,  the  iron  and  the  silicon. 
These  are  simple  enough  operations,  and  we  do  not 
feel  that  it  is  necessary  to  dwell  upon  them. 
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Extraction  of  Uranium  from  Low  Grade 
Yugoslav  Ores  by  Chlorination 

By  Olga  S.  Gal,*  Yugoslavia 


Several  low  grade  uranium  ores  and  other  mate- 
rials containing  uranium  were  chlorinated  in  the 
presence  of  coke  as  reducing  agent.  Experiments 
were  performed  in  a  laboratory  scale  using  5-10  gm 
samples.  Uranium  was  extracted  as  gaseous  uranium 
chloride  and  condensed  in  water. 

APPARATUS 

The  apparatus  consisted  of:  (1)  a  commercial 
high  pressure  chlorine  cylinder,  (2)  several  wash 
bottles  filled  with  concentrated  sulfuric  acid  as  dry- 
ing agent  for  chlorine,  (3)  a  flowmetcr,  (4)  a 
quartz  reaction  tube  of  80  cm  length  and  4  cm 
in  diameter,  which  was  heated  electrically  (a 
Pt-Pt(Rh)  thermocouple  for  temperature  control 
was  placed  in  the  tube),  (5)  several  condenser- 
flasks  filled  with  water.  The  different  parts  were 
connected  together  in  the  same  order  as  cited  above. 

EXPERIMENTAL 

Ores  were  ground  and  homogenized  in  the  usual 
way.  The  particle  size  of  representative  samples  was 
determined  by  granulometric  analysis.  The  same  is 
true  of  the  coke  which  served  as  reducing  agent. 
The  mixture  of  ore-sample  and  coke  (usually  10 
gm)  was  placed  in  the  center  of  the  quartz  reaction 
tube,  just  under  the  end  of  the  thermocouple.  The 
tube  was  connected  to  the  other  parts  of  the  appa- 
ratus and  chlorine  was  passed  through  it.  The  tem- 
perature was  gradually  raised  to  the  desired  level. 
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The  pre-heating  time  interval  (i.e.,  the  time  of  heat- 
ing necessary  to  obtain  the  desired  temperature) 
was  always  noted,  and  afterwards  some  experiments 
were  carried  out  to  determine  its  influence  upon  the 
reaction.  When  the  desired  temperature  was  ob- 
tained, chlorination  was  continued  for  one  hour; 
then  heating  was  stopped  and  the  reaction  tube 
cooled  under  a  small  stream  of  chlorine.  Uranium 
was  determined  in  the  remaining  mixture  which  did 
not  react  as  well  as  in  the  condensed  solution  trapped 
in  the  condenser  flasks  at  the  outlet  of  the  tube.  The 
sum  of  these  two  determinations  should  give,  obvi- 
ously, the  initial  uranium  content  of  the  sample. 

The  following  materials  were  chlorinated:  (1) 
epidote,  (2)  schist,  (3)  roasted  schist,  (4)  coal,  (5) 
ash  from  coal.  Materials  1-3  contained  70-80% 
SiOo,  2-4%  Fe,O3,  10-13%  A12O3,  2-9%  CaO, 
0.5-1%  MgO,  with  losses  by  ignition  0.5-8%.  Mate- 
rials 4-5  contained  4-12%  SiO2,  10-28%  Fe2O3, 
2-4%  AloO3,  with  losses  by  ignition  30-85%.  The 
uranium  content  in  all  samples  was  within  0.01- 
0.05%.  Owing  to  the  low  uranium  concentrations, 
determinations  were  made  using  the  well  known 
fluorimetric  method.1  Colorimetric  determinations  of 
uranium2  were  sometimes  run  as  controls.  Granulo- 
metric analysis  of  the  samples  (for  100  gm  of  mate- 
rial and  15  minutes  of  sieving)  gave:  (1)  Epidote 
from  —  10  to  80  DTN  94.79%,  —80  DIN  5.21%; ;  ( 2) 
Schist  from  -5  to  60  DIN  76.11%,  -60  DTN 
23.89%:  (3)  Roasted  schist  from  -5  to  60  DIN 
75.30%,  -60  DIN  24.70%> ;  (4)  Coal  from  - 10  to 
80  DIN  91.837*.  -80  DIN  8.17%;  (5)  Ash  from 
coal  from  -  10  to  80  DIN  86.45%,  —80  DIN  13.55%. 


Table   I 


7009C 


900*C 


11009C 


No. 

sample/ 
coke 
Material               ivt/wt 

Yield 

% 

Not 
extract 

% 

Balance 

% 

Yield 
% 

Not 
extract 

% 

Balance 
% 

Yield 

% 

Not 
extract 

% 

Balance 

% 

1 
2 
3 
4 
4a 
5 
5a 

Epidote 
Schist 
Roasted  schist 
Coal* 
Coal 
Ash* 
Ash 

1:1 
1:1 
1:1 
1:1 
1:1 
1:1 
1:1 

5.5 
68.3 
46.3 
1.6 

12.8 

97.8 
18.8 
46.3 
74.9 

60.1 

103.3 
87.1 
92.6 
76.7 

72.9 

31.7 
85.4 
73.4 
21.9 

45.2 
52.3 

57.3 
9.7 
22.2 
59.1 

43.6 

89.0 
95.1 
95.6 
81.0 

95.9 

82.8 
93.5 
93.3 
51.2 
54.1 
73.5 

10.8 
8.6 
9.2 
35.8 
39.0 
10.3 

93.6 
102.1 
92.5 
87.0 
93.1 
83.8 

*  No  coke  added,  because  samples  were  rich  in  carbon. 
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RESULTS  AND  DISCUSSION 

The  most  important  factor  in  chlorination  is  the 
temperature  at  which  the  reaction  is  performed.  The 
economy  of  the  process  as  well  as  the  choice  of  mate- 
rials in  constructing  the  tube  furnace  depends  on 
this.  Thus,  the  main  interest  in  this  work  is  devoted 
to  the  influence  of  the  temperature  on  the  yield  of 
uranium.  In  all  cases  chlorinations  were  carried  out 
at  700°,  900°  and  1100°C.  The  per  cent  extraction 
yield  was  calculated  by  determining  uranium  in  the 
condensed  solution  after  extraction  with  chlorine. 
The  unextracted  uranium  which  remained  in  the 
sample  after  chlorination  was  also  determined  and 
the  balance  of  uranium  calculated.  The  influence 
of  temperature  on  the  yield  of  extraction  is  shown 
in  Table  I,  and  graphically  in  Fig.  1.  All  results  in 
Table  I  are  average  values  of  2-4  experiments.  As 
is  seen  from  Table  I,  the  balance  is  often  negative, 
owing  to  the  loss  caused  by  dissipation  in  the  appa- 
ratus, by  manipulation  prior  to  analysis,  etc. 

From  these  experiments  one  can  conclude  that  the 
yield  of  extraction  depends  on  the  kind  of  material  to 
be  chlorinated.  Further,  in  all  cases,  the  extraction 
is  greatly  favored  by  raising  the  temperature  of 
chlorination. 

Several  experiments  were  carried  out  by  chang- 
ing the  following  factors :  the  flow  rate  of  chlorine, 
the  time  of  chlorination  and  the  ratio  sample/coke. 
Some  of  these  experiments  are  shown  in  Table  II. 
It  was  found  that:  (1)  the  flow  rate  of  chlorine, 
within  10-30  liters  per  hour,  has  no  influence  on  the 
extraction  yield,  (2)  the  amount  of  coke  mixed 
with  the  sample  is  not  critical ;  above  a  certain  sam- 
ple/coke ratio  further  addition  of  coke  has  no  in- 
fluence on  the  yield,  (3)  the  yield  depends  on  the 
duration  of  the  reaction.  It  is  possible  to  find  out 
an  optimum  time  interval  of  chlorination,  where  a 
good  yield  can  be  obtained  with  a  reasonable  expense 
of  chlorine  and  heat. 


100 


50 


700 


900  1100 

— *-  temp.°C 


Figure  1.  Data  for  curves  are  given  in  Table  I,  No.  1-5 


The  pre-heating  time,  mentioned  above,  is  in 
some  cases  an  important  factor.  For  example,  to 
obtain  700°,  900°  and  1100°C  in  the  tube  furnace, 
pre-heating  for  about  30,  80  and  150  minutes  respec- 
tively was  necessary.  During  that  time  chlorine  reacts 


Table 


No. 

Material 

Ratio 
sample  /coke 

wt/wt 

Chlorination  in  minutes 

Flow  rate 
of  chlorine, 
liters/hour 

t,°C 

Yield 

% 

Pre-heating 

Heating 

1 

Epidote 

1      1 

80 

60 

10 

900 

37.7 

2 

Epidote 

1 

1 

80 

60 

20 

900 

46.6 

3 

Epidote 

1 

1 

80 

60 

30 

900 

34.4 

4 

Epidote 

1 

0.5 

80 

60 

10 

900 

39.1 

5 

Schist 

1 

0.5 

80 

30 

10 

900 

75.2 

6 

Schist 

1 

0.5 

80 

60 

10 

900 

93.5 

7 

Roasted 

schist 

j 

1 

80 

60 

10 

900 

59.2 

8 

Roasted 

schist 

1 

1 

80 

60 

10 

900 

73.4 

9 

Roasted 

schist 

1 

1 

35 

0 

10 

700 

38.2 

10 

Roasted 

schist 

1 

1 

80 

0 

10 

900 

53.7 

11 

Roasted 

schist 

1 

1 

150 

0 

10 

1100 

87.6 
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shorter  time.  But  in  any  case,  a  limiting  temperature  L  gg%^  AnaL  Chem'  Manhattan  Pr°j'ect'  M^raw- 

exists  below  which  no  reaction  occurs.  This  limit  2.  Jovanovid,  V.  S.  and  Zucker,  E.  R,  Bull.  Inst.  Nucl. 

depends  on  the  material  to  be  chlorinated.  Sci.,  Belgrade,  4,  111  (1954). 


The  Extraction  of  Thorium  and  Uranium  from  Monazite 

By  P.  Krumholz  and  F.  Gottdenker,*   Brazil 


A  new  process1  is  described  for  the  separation  of 
thorium  and  uranium  and  for  the  production  of 
technically  pure  thorium  compounds  from  crude  tho- 
rium hydroxide  as  obtained  in  the  alkaline  decom- 
position of  monazite.  The  process  consists  essentially 
of  the  preparation  of  highly  supersaturated  but 
stable  solutions  of  thorium  sulfate  and  the  sub- 
sequent crystallization  of  the  sulfate  in  the  pres- 
ence of  ethanol.  About  85%  of  the  thorium  con- 
tent is  thus  obtained  as  technically  pure  sulfate. 
The  remainder  of  the  thorium  is  precipitated  as 
oxalate  and,  after  removal  of  the  greater  part  of 
co-precipitated  titanium  phosphate,  is  returned  to 
the  process.  The  chemistry  of  the  enhanced  solubil- 
ity of  titanium  phosphate  in  solutions  of  thorium 
salts  and  its  co-precipitation  with  thorium  oxalate  is 
briefly  discussed. 

Uranium  is  recovered  from  the  oxalate  mother 
liqitors  by  precipitating  uranyl  phosphate  at  a  pH  5 
to  5.5.  The  crude  phosphate  is  extracted  with  hot 
sodium  carbonate  solution  and  uranium  then  pre- 
cipitated with  sodium  hydroxide  as  sodium  uranate 
of  about  97%  purity. 

Average  recovery  is  98  to  99%  for  thorium  and 
95  to  97%  for  uranium,  calculated  on  the  original 
amount  in  the  crude  hydroxide. 

Monazite,  a  mixed  phosphate  of  rare  earths  and  of 
thorium  is  the  chief  source  of  those  elements.  Its 
large  scale  production  started  with  the  use  of  tho- 
rium oxide  in  Auer  von  Wellsbach's  gas  mantles, 
Brazil  being  the  main  source  of  the  mineral.  With 
the  end  of  the  "gaslight  age"  thorium  lost  almost 
completely  its  industrial  importance  but  large  scale 
production  of  monazite  continued  as  several  new 
applications  had  been  found  for  the  rare  earth  ele- 
ments. With  the  advent  of  the  atomic  age  interest 
is  focused  again  on  the  fertile  element  thorium. 

The  thorium  content  of  Brazilian  monazite  varies 
between  about  4%  and  12%,  6.5%  representing  a 
good  average.  It  contains  furthermore  small  amounts 
of  uranium,  averaging  3  to  4%  of  the  thorium  con- 
tent of  the  mineral.  This  small  amount  of  uranium 
has  up  to  now  never  been  explored  industrially  and 
its  presence  even  has  mostly  been  overlooked.  It 
will  be  shown  in  the  following  that  the  economic 
recovery  of  uranium  from  monazite  is  possible. 


The  first  step  in  the  large  scale  production  of 
monazite  is  the  breaking  down  of  the  mineral  in 
order  to  transform  it  into  soluble  compounds.  Three 
methods  have  been  developed  industrially  for  that 
purpose.  The  most  widely  used  consists  of  the  attack 
of  the  mineral  with  concentrated  sulfuric  acid.  Many 
variations  of  this  method  have  been  developed  and 
described  in  the  literature.2  A  second  method  of 
breaking  down  is  based  on  the  reductive  chlorination 
of  the  mineral.3  Little  is  known  of  the  use  of  this 
new  process  on  an  industrial  scale.  The  third 
method,  which  is  almost  as  old  as  the  sulfuric  acid 
process,  consists  of  attacking  the  monazite  with 
sodium  hydroxide  or  sodium  carbonate,  transform- 
ing the  mineral  into  water-soluble  tri sodium  phos- 
phate and  mixed  hydroxides  of  the  rare  earth  ele- 
ments and  of  thorium.'4  The  great  advantage  of  the 
alkali  process  is  that  the  rare  earths  and  thorium 
can  be  freed  in  one  operation  almost  completely 
from  phosphoric  acid,  a  rather  cumbersome  opera- 
tion in  the  sulfuric  acid  process.  Thorium,  on  the 
other  hand,  may  be  separated  almost  completely 
from  the  rare  earth  elements  either  by  selective  pre- 
cipitation of  thorium  hydroxide  or  by  selective  acid 
leaching  of  the  mixed  hydroxides.  With  suitable  pH 
control  uranium  remains  almost  quantitatively  with 
the  thorium  hydroxide.  We  decided  therefore  to 
adopt  the  alkaline  process  for  a  large  scale  produc- 
tion of  Brazilian  monazite. f 

As  a  typical  operation  of  the  alkaline  process  has 
been  recently  described  in  detail,"  we  shall  restrict 
this  report  to  the  methods  of  production  of  tech- 
nically pure  thorium  compounds  and  to  the  recovery 
of  uranium,  starting  from  the  crude  thorium  hy- 
droxide as  obtained  in  the  alkaline  process  of  mon- 
azite decomposition. 

The  composition  of  the  crude  thorium  hydroxide 
from  a  large  scale  industrial  operation  varies  within 
the  following  limits  (calculated  on  dry  basis)  : 


ThO,, 


50-65% 


Rare-earth  oxides    2-15% 
Fe2Oa  2—5  % 

TiO9  0.1-1  % 


P,,Or>  1-2.5% 

Si02  1-3    % 

Acid  insoluble  10-30  % 

UOq  1.5-2.5% 


*  Orquima  S.  A.,  Sao  Paulo,  Brazil. 


A  great  nuirber  of  methods  has  been  proposed  and 

f  The  alkali  process  has  been  used  in  large-scale  industrial 
production  (about  2000  tons  of  monazite  per  year)  since 
1949  in  Sao  Paulo,  Brazil  and  later  on  in  India. 
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used  industrially2  for  the  production  of  pure  tho- 
rium compounds  from  such  or  similar  materials.  One 
of  the  simplest  and  most  efficient  methods  of  purifi- 
cation consists  of  the  precipitation  of  thorium  sul- 
fate  from  strongly  acid  (hydrochloric  or  nitric  acid) 
solutions.0  Its  drawback  results  from  the  use  of 
great  quantities  of  acids  and  alkalies  (for  the  final 
neutralization  of  the  former)  and  heavy  corrosion 
problems.  We  therefore  tried  to  eliminate  those  in- 
conveniences, retaining  the  basic  efficiency  of  the 
thorium  sulfate  process. 

Thorium  sulfate  exists  in  the  form  of  several 
hydrates,  that  is  TluSO^  with  2,  4,  6,  8  and  9 
H2O.  7  The  9-hydrate  and  the  4-hydrate  exist  in 
the  temperature  range  between  0°  and  100°  the 
only  stable  forms  in  coexistence  with  aqueous  solu- 
tions of  thorium  sulfate.  The  transition  point  between 
those  hydrates$  lies  near  to  47°  C.8  The  solubil- 
ity of  the  9-hydrate  increases  from  about  8  gm 
Th  (SO4)2  per  liter  at  0°  to  about  40  gm  Th(SO4)2 
per  liter  at  the  temperature  of  the  transition  point. 
The  solubility  of  the  4-hydrate,  stable  at  tempera- 
tures above  47°,  decreases  rapidly  with  increasing 
temperatures.  It  is  well  known  that  thorium  sulfate 
forms  supersaturated  solutions  and  that  equilibrium 
solubilities  are  reached  from  both  sides  very  slowly.7 
Such  supersaturated  solutions  may  be  obtained  by 
dissolving  anhydrous  thorium  sulfate  in  ice-cold 
water.9  Slight  warming  precipitates  the  9-hydrate. 
The  difficulty  of  preparing  anhydrous  thorium  sul- 
fate and  the  very  great  instability  of  the  cold  super- 
saturated solutions  make  the  process  unsuitable  for 
an  industrial  application.2 

We  found,  however,  that  thorium  hydroxide  (or 
carbonate)  dissolves  easily  in  dilute  sulfuric  acid 
with  the  formation  of  highly  supersaturated  solu- 
tions, the  concentration  of  which  may  reach  under 
suitable  conditions  up  to  400  gm  Th(SC>4)2  per  liter 
or  ten  times  its  maximum  equilibrium  solubility. 
Such  solutions  are  most  easily  formed  at  tempera- 
tures between  45°  and  50°,  i.e.,  in  the  vicinity  of 
the  transition  point  between  the  9-  and  the  4-hydrate. 
At  concentrations  up  to  about  150  gm  Th(SO4)2  per 
liter,  such  solutions  are  stable  in  the  indicated  tem- 
peratures range  for  long  periods  of  time,  even  in 
the  presence  of  suspended  solid  particles  which  nor- 
mally act  as  crystallization  seeds.  It  is  thus  possible 
to  free  the  thorium  sulfate  easily  and  safely  from 
the  acid  insoluble  impurities  present  in  the  crude 
hydroxide.  For  that  purpose  the  crude  hydroxide  is 
suspended  in  water  and  $0%  sulfuric  acid  at  a  tem- 
perature of  45°  to  50°  until  the  solution  contains 
about  20  gm  free  H2SO.i  per  liter.  The  insoluble 
matter,  composed  mainly  of  unattackecl  mineral,  is 
difficult  to  filter,  but  may  easily  be  separated  by 
decantation.  By  repeating  the  acid  leaching  and  de- 
cantation  twice  more,  thorium  and  uranium  recovery 
is  almost  quantitative,  less  than  0.4%  of  the  acid- 
soluble  thorium  material  remaining  in  the  residue. 


The  solutions  from  the  second  and  the  third  leach- 
ing are  now  used  in  a  counter-current  system  for  the 
extraction  of  fresh  material. 

The  supersaturated  solution  of  thorium  sul- 
fate obtained  in  this  way,  deposits  crystals  of 
Th(SO4)2'9H2O  on  cooling.  This  crystallization 
is  a  very  slow  process.  We  found,  however,  that 
addition  of  water-miscible  organic  solvents  like  etha- 
nol,  in  amounts  of  5  to  15%  of  the  total  volume, 
speeds  up  the  rate  of  crystallization  and  lowers  the 
final  solubility  of  the  sulfate  without  seriously  affect- 
ing its  purity.  Even  under  such  circumstances,  after 
a  crystallization  period  of  three  days  at  0°,  still 
about  15  gm  Th(SO4)2  per  liter  remain  in  solution, 
i.e.,  about  twice  the  equilibrium  solubility  in  pure 
water.  This  high  value  is  due  partly  to  the  slow 
attainment  of  equilibrium  but  also  to  the  increased 
solubility  of  thorium  sulfate  in  the  presence  of  com- 
plex ing  agents  such  as  phosphoric  acid.  The  prac- 
tical yield  of  crystallized  thorium  sulfate  is  about 
85  to  88%  and  thus  rather  satisfactory.  The  purity 
of  that  sulfate  is  rather  high  as  compared  with  the 
composition  of  the  crude  hydroxide.  A  typical  analy- 
sis is  given  in  the  following : 


Th02  47     % 

Rare-earth  oxides  0.05  % 

Fe.,O3  0.01% 

Ti6,>  0.02% 


SiO0 
UO.T 


0.045% 
0.02  % 
0.01  % 


$  Earlier  measurements7  indicated  the  transition  point  was 
at  43°C 


The  mother  liquor  from  this  first  sulfate  precipita- 
tion contains  the  balance  of  the  thorium,  practically 
all  the  uranium  and  all  soluble  impurities.  Precipita- 
tion of  this  solution  with  oxalic  acid  removes  all 
but  a  very  small  fraction  of  the  thorium  (actually 
less  than  0.5%)  together  with  the  greater  part  of 
the  rare  earths  and  practically  all  of  the  titanium 
and  phosphoric  acid  present  in  the  solution.  This 
thorium  oxalate  can  easily  be  reconverted  into  tho- 
rium hydroxide  or  carbonate  (by  a  treatment  with 
sodium  hydroxide  or  carbonate)  and  returned  to 
the  acid  leaching.  However,  all  of  the  titanium  and 
phosphate  present  is  dissolved  with  the  thorium  and 
their  presence  in  high  amounts  increases  strongly 
the  final  solubility  of  the  thorium  sulfate  and  de- 
creases the  purity  of  the  final  product.  It  is  thus 
necessary  to  remove  the  bulk  of  those  impurities 
before  returning  the  hydroxide  to  the  acid  leaching. 
Two  processes  have  been  developed  for  that  pur- 
pose. The  first  consists  of  a  treatment  of  the  crude 
oxalates  with  two  molar  sulfuric  acid  and  enough 
hydrogen  peroxide  to  convert  the  titanium  into  the 
soluble  peroxide  complex.  Some  thorium  is  lost  in 
that  operation.  Alternately  the  crude  oxalates  may 
be  digested  with  a  solution  of  oxalic  acid  which 
dissolve  the  titanium  in  form  of  the  soluble  oxalate 
complex  and  reconverts  at  the  same  time  any  tho- 
rium phosphate  into  the  oxalate.  The  oxalate  so 
purified  is  pure  enough  to  be  converted  into  the 
hydroxide  and  to  be  returned  safely  to  the  acid 
leaching  process. 

The  behaviour  of  the  titanium-phosphate  system 
in  the  presence  of  thorium  is  rather  puzzling.  Tita- 


128 


VOL  VIII         P/133         BRAZIL         P.  KRUMHOLZ  and  F.  GOTTDENKER 


nium  phosphate  is  very  slightly  soluble  even  at  high 
acidities  and  should  thus  remain  largely  in  the  acid- 
insoluble  residue  of  the  leaching  process.  The  con- 
trary happens  actually,  titanium  passing  almost  quan- 
titatively into  the  solution.  If  this  happens,  it  should 
be  expected  that  it  would  remain  in  the  solution 
if  thorium  is  precipitated  as  the  oxalate.  It  is,  how- 
ever, co-precipitated  almost  quantitatively.  The  rea- 
son for  that  apparently  anomalous  behaviour  is  most 
probably  the  strong  complexing  power  of  thorium 
for  the  ions  of  phosphoric  acid.10  In  the  presence  of 
high  concentrations  of  thorium  salts,  the  concen- 
tration of  non-complexecl  phosphate  ions  is  not  great 
enough  to  reach  the  solubility  product  of  titanium 
phosphate.  Thus  titanium  phosphate  is  rather  soluble 
in  solutions  of  thorium  salts.  If,  however,  thorium 
is  precipitated  as  oxalate,  phosphate-ions  are  freed 
and  titanium  phosphate  co-precipitates  with  the  tho- 
rium oxalate. 

If,  after  the  reprocessing  of  the  thorium  hydroxide 
obtained  from  the  oxalate,  the  rare  earths  concen- 
tration in  the  mother  liquor  of  the  thorium  sulfate 
crystallizations  considerably  exceed  the  thorium  con- 
centration, the  bulk  of  the  rare  earths  must  be  re- 
moved. This  can  be  done  by  a  careful  fractional  pre- 
cipitation of  the  oxalates  with  an  insignificant  loss 
of  thorium. 

About  1-2%  of  the  total  uranium  content  is  pre- 
cipitated with  the  thorium  oxalate  and  removed  in 
the  subsequent  digestion  with  oxalic  acid.  It  was 
found  uneconomical  to  recover  this  small  fraction 
of  uranium. 

The  mother  liquor  contains  the  bulk  of  the  ura- 
nium at  a  concentration  of  about  1  gm  UO3  per 
liter  and  a  large  amount  of  the  impurities  originally 
present  in  the  crude  hydroxide.  Several  methods 
have  been  proposed  for  the  recovery  of  uranium 
from  such  dilute  solutions,  mostly  based  on  the 
reduction  to  tetravalent  uranium  and  precipitation 
of  the  corresponding  fluoride,  oxalate  or  phosphate. 
We  found  that  all  those  methods  remove  at  best  90% 
of  the  uranium.  A  convenient  way  to  recover  almost 
quantitatively  the  uranium  was  found  in  the  precipi- 
tation of  uranyl  phosphate  at  a  pll  of  5  to  5.5.  Under 
such  conditions  99.5%  of  the  uranium  may  be  recov- 
ered in  form  of  a  crude  phosphate  containing  about 
15%  UOs  on  dry  basis.  A  double  extraction  with 
sodium  carbonate  solution  at  90  degrees  removes 


easily  all  but  about  \%  of  the  uranium  content. 
Excess  sodium  hydroxide  at  100°  precipitates  sodi- 
um uranate  from  the  solution  of  the  complex  car- 
bonate. This  is  washed  alkali-free  and  dried  at  120° 
A  typical  analysis  of  that  sodium  uranate  is  given 
in  the  following: 

UO8  82     %  P2O5  0.75% 

Fe2O8  0.45%  Si02  1.4  % 

The  new  sulfate  process  described  in  this  paper 
permits  thus  a  recovery  of  98  to  99%  of  the  tho- 
rium and  of  95  to  97%  of  the  uranium  present  in 
acid-soluble  form  in  the  crude  hydroxide.  The  tho- 
rium is  obtained  in  form  of  a  rather  pure  sulfate, 
which  can  easily  be  converted  into  a  hydroxide  or 
carbonate  and  into  other  thorium  salts.  The  equip- 
ment needed  for  the  industrial  application  of  the 
process  is  rather  simple  and  needs  as  construction 
materials  only  steel,  wood  and  lead.  The  efficiency 
and  economy  of  the  process  have  been  proved  by 
a  large  scale  operation,  which  over  a  period  of  18 
months  produced  several  hundred  tons  of  thorium 
sulfate  and  several  tons  of  sodium  uranate.  In  not 
a  single  case  did  a  premature  crystallization  of  the 
highly  supersaturated  solutions  of  thorium  sulfate 


occur. 
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The  Possibilities  of  Securing  Long  Range  Supplies  of  Uranium 
Thorium  and  Other  Substances  from  Igneous  Rocks 


By  H.  Brown  and  L  T.  Silver/  USA 


It  is  amply  clear  that  as  the  nations  of  the  world 
engage  more  actively  in  the  accumulation  of  uranium 
and  thorium,  high-grade  deposits  of  these  substances 
will  dwindle  and  man  will  be  forced  to  obtain  his 
supplies  of  uranium  and  thorium  from  materials 
which  contain  these  elements  in  low  concentration. 
If  atomic  energy  were  to  supply  a  substantial  frac- 
tion of  the  world's  power  requirements,  the  drain 
on  high-grade  deposits  would  be  particularly  rapid, 
primarily  as  the  result  of  the  huge  inventories  re- 
quired for  reactor  construction.  It  is  quite  possible, 
for  example,  that  power-breeder  reactors  will  neces- 
sitate uranium  inventories  which  are  over  500  times 
greater  than  the  yearly  consumption  of  uranium  by 
neutron  capture  and  fission. 

Looking  into  the  distant  future,  it  is  important 
that  we  ask:  Can  the  earth  supply  inventories  of 
uranium  and  thorium  which  may  eventually  amount 
to  millions  of  tons?  To  what  extent  and  at  what 
cost  can  uranium  and  thorium  be  extracted  from 
low-grade  materials?  Is  it  within  the  realm  of  tech- 
nological and  economic  feasibility  for  a  nation  which 
is  devoid  of  high-grade  deposits  to  obtain  uranium 
from  substances  which  exist  abundantly  on  the 
earth's  surface? 

In  an  attempt  to  answer  these  questions  we  have 
undertaken  an  investigation  of  the  possibilities  of 
isolating  uranium  and  thorium  from  one  of  the 
'lowest-common-denominators"  of  the  earth's  crust 
— ordinary  igneous  rocks.  Igneous  rocks  have  been 
chosen  for  study  because  they  exist  in  abundance 
on  the  earth's  surface  and  preliminary  information 
indicated  that  uranium  and  thorium  are  localized 
in  crystalline  rocks  in  such  a  way  as  to  facilitate 
extraction  by  chemical  and  physical  means. 

DISTRIBUTION  OF  URANIUM  AND  THORIUM 
IN  IGNEOUS  ROCKS 

Igneous  rocks  consist  of  assemblages  of  mineral 
phases  which  possess  diverse  compositions  and  struc- 
tures. During  the  process  of  rock  formation,  those 
eleme'nts  which  exist  in  such  low  abundance  that 
they  are  unable  to  form  separate  mineral  phases, 
distribute  themselves  among  the  major  phases  in 
proportions  which  are  determined  by  the  structures 

*  California  Institute  of  Technology.  Including  work  by 
W.  Blake,  H.  Brown,  A.  Chodos,  R.  Kowalkowski,  C.  R. 
McKinney,  L.  T.  Silver  and  A.  Uchiyama,  California  In- 
stitute of  Technology;  and  G.  Neuerburg,  United  States 
Geological  Survey. 


of  the  minerals  and  by  the  chemical  properties  of 
the  elements.  Both  uranium  and  thorium  possess 
ionic  radii  and  charges  which  prevent  them  from 
fitting  comfortably  into  the  lattices  of  any  of  the 
common  major  granitic-mineral  phases,  but  they  fit 
into  certain  of  the  accessory  mineral  phases,  such 
as  zircon,  allanite,  sphene  and  apatite.  In  zircon,  for 
example,  uranium  and  thorium  in  the  (IV)  states 
can  substitute  for  zirconium  (IV). 

As  a  result  of  these  effects,  uranium  and  thorium 
in  igneous  rocks  appear  to  be  generally  localized  in 
mineral  phases  which  make  up  only  a  small  fraction 
of  the  weight  of  the  entire  rock.  In  a  granite  from 
Essonville,  Ontario,  for  example,  which  contains 
2.74  parts  per  million  of  uranium,  over  90%  of  the 
element  is  concentrated  in  portions  of  the  rock  which 
make  up  less  than  1%  of  the  total  weight  of  the 
rock,  with  zircon  and  sphene  retaining  the  major 
proportions.  Table  I  shows  the  concentrations  of  ura- 
nium and  thorium  in  each  of  the  mineral  phases 
of  the  Essonville  granite.1  From  the  point  of  view 
of  the  distribution  of  uranium  and  thorium,  the 
Essonville  granite  is  probably  typical  of  many  gran- 
itic bodies  scattered  throughout  the  world. 

While  studying  the  distribution  of  uranium  and 
thorium  in  the  Essonville  granite,  it  was  noticed  that 
substantial  fractions  of  these  elements  are  chemi- 
cally so  bound  that  significant  extractions  can  be 
obtained  by  leaching  the  pulverized  rock  with  dilute 
acid.  Experiments  with  the  granite  showed,  for  exam- 
ple, that  29%  of  the  uranium,  42%  of  the  thorium 
and  approximately  40%  of  the  non-radiogenic  lead 
could  be  readily  removed  by  leaching  the  pulverized 
rock  for  a  short  time  with  cold  6M  HC1. 

The  fact  that  substantial  fractions  of  uranium, 
thorium  and  lead  exist  in  a  granite  in  such  a  soluble 
form  strongly  indicated  that  other  minor  elements 
might  be  similarly  localized.  If  this  were  true,  there 
might  be  a  possibility  of  isolating  a  variety  of  pro- 
ducts from  igneous  rock  without  the  necessity  of 
digesting  the  rock  as  a  whole. 

Igneous  rocks  ranging  from  tonalites  to  true  gran- 
ites and  of  diverse  ages  and  geographic  origins, 
respond  rather  uniformly  to  simple  acid  leaching. 
The  soluble  fractions  from  aliquots  of  these  rocks 
crushed  to  pass  30  mesh  and  leached  with  1M 
HNOa  at  room  temperature  for  SO  minutes  are 
usually  only  0.1  to  0.6%  of  the  original  weights. 
Ca,  Fe,  Al,  Si,  P  and  K  are  the  major  constituents 
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with  Na,  Mg,  Ti,  Mn  and  other  elements  in  the 
minority.  Table   II  lists  the  gross  composition  of 
leaches    from    several    granites,   granodiorites   and 
aplites.  They  are  conspicuously  different  from  the 
compositions  of  the  rocks  themselves. 
Uranium,  thorium  and  other  rare  earths  in  the 
dissolved  fractions  are  concentrated  20  to  100  times 
more  than  in  the  original  rocks.  These  fractions 
may  contain  up  to  40%  of  the  total  weight  of  these 
elements  in  the  rocks.  Weights  of  extracted  U,  Th, 
and  rare  earth,  determined  spectrographically,  are 
given  for  several  diverse  granites  in  Table  III. 
The  rate  at  which  the  radioactivity  is  leached  from 
the  granites  with  cold  acid  is  initially  quite  high  and 
then  drops  off  sharply.  Radioactivity  solution-rate 
curves   for  several  granites  are  shown  in  Fig.   1. 
Increased  radioactivity  solubility  rates  are  induced 
by  higher  temperature,  but  acid  consumption  from 
the   solution  of   non-radioactive  materials   also  in- 
creases markedly. 
The  distribution  of  the  acid-soluble  radioactivity 
in  granites  has  been  examined  by  means  of  alpha- 
track  autoradiographs  of  thin-sections  of  rock  and 
through  extensive  separations,  analyses,  and  rates 
of   solubility  studies  on  individual  mineral  species 
or  selected  mineral  assemblages. 
The  alpha-track  studies  clearly  show  that  the  ma- 
jor portion  of  the  alpha-activity  in  most  granites 
originates  in  microscopically  visible  accessory  min- 
0        erals.  A  smaller  fraction  of  the  activity  occurs  in 
the  major  minerals.  Much  of  this  portion  appears 
from  the  spatial  relation  to  originate  in  microscopic 
to  sub-microscopic  inclusions  and  imperfections  in 
the  coarser  granitic  minerals.  A  third  type  of  site 
for  the  alpha-tracks  is  along  grain  boundaries  and 
fractures  where  from  less  than  10%  to  rarely  more 
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1.  Radioactivity   solubility  curves  for   several  granites 
leached  with   1A4  HNO*  at  room  temperature 

1.     Distribution  of  Uranium  and  Thorium 
in  Granite  from   Essonville,   Ontario 
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PagHoclase            20                   0204                                          sub-microscopic  phases.  The  "interstitial"  phenomena 
Perthitc  SL            52                  (X218                  0.410                 indicate  the  former  existence  of  a  period  of  mobility 
Magnetite               04                2.57                                            for  the  U  and  Th  in  the  history  of  a  granite.  Such 
Apatite                  0.02             90.5                                           periods  may  develop  in  the  very  late  stages  of  rock 
Sphcne                   0.4             303                   5375                       crystallization,  during  a  subsequent  hydrothermal  or 
Zircon                    0.04          2650                  2170                      metamorphic  episode,  or  during  the  weathering  his- 

Composite  rock                          2.74                  41.88                  tory  of  the  rock.  The  distribution  of  alpha-tracks 
Acid-soluble  material                   0.90(29%)        17.55(42%)        {n  thin-section  autoradiographs  of  three  granites  is 
(micrograms  element  per  gram  rock)                                               given  jn  TaWe  jy. 

Table  II.  Gross  Chemical  Composition  of  Leaches  in  1M  HNOs 
at  Room  Temperature 

Total  solids           SiO*               AljOj*            F*jOj                MgO                Col)                Na*)               AV>                   PiOi               TiOi 
Rocks  from      mg/100  gm         Wt  %               Wt  %              Wt  %              Wt  %               U'/  %              1H  %               If/  %               Wt  %               Wt  % 

So.  Calif.              470              10                 15                27               0.5               22               1.3              14                  8.3              1.1 
Georgia  I              540               4                 16                15                ..                41               0.9                5.6             17                 0.2 
Georgia  II            310               6.8              17                15                ..                35               1.7               4.9             19                0.5 
Montana               110                7.4               19                45               1.9                14           '    3.2                6.9               2.6 
Ontario                 150                3.4              20                47               1.2                12               3.1                8.4               5.3 

*  Includes  rare  earths. 
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Table  III.  Leach  Yields  from  100-Gram  Aliquots  of  Several  Pulverized  Granites 
Treated  with  1M  HNO3  at  Room  Temperature 


Total 

%  atlinty 

Weight  of  trace  elements  extracted  (mg) 

Granites  from 

solids  (mjO 

dissolved 

u 

Th 

0 

La 

Nd 

Y 

New  Hampshire 

420 

25 

0.76 

4.8 

4.4 

2.9 

2.0 

0.12 

Colorado 

270 

15 

0.38 

1.1 

1.6 

1.1 

0.73 

1.0 

Georgia  I 

540 

38 

0.73 

3.0 

9.2 

5.4 

4.3 

0.49 

Georgia  II 

310 

21 

0.50 

0.72 

3.4 

2.3 

1.7 

Q.37 

The  solubility  rate  studies  of  various  accessory 
minerals  indicate  that  a  few  contribute  significantly 
to  the  leaches  with  cold  dilute  acid.  Apatite,  allanite 
(particularly  if  metamict  and  altered),  thorite,  bast- 
naesite,  and  a  few  other  species  are  the  principal 
sources  of  activity.  High  degrees  of  metamictization 
favor  increased  solubility.  The  apatite  is  responsible 
for  much  of  the  CaO  and  all  of  the  P2O5  in  solution, 
and  in  rocks  where  other  soluble  accessories  are 
absent  it  is  the  principal  source  of  activity  and 
rare  earths  in  the  leaches.  Allanite  and  highly  meta- 
mict and  altered  aggregates  which  were  probably 
originally  allanite  appear  to  be  the  most  important 
sources  of  activity  in  many  of  the  granites  examined. 
The  composition  of  allanite  includes  most  of  the 
major  constituents  recognized  in  the  leach  extrac- 
tions, even  from  rocks  where  the  mineral  itself  has 
not  been  identified  microscopically.  This  composi- 
tional factor  plus  allanite's  common  association  with 
epidote  as  a  deuteric  and  hydrothcrmal  mineral,  and 
the  limited  optical  data  obtained  from  some  of  the 
coarsest  "interstitial"  material,  suggests  that  allanite 
may  be  an  important  phase  in  the  "interstitial"  ma- 
terial in  many  granites. 

PROCESSING  POSSIBILITIES 

The  properties  of  leachable  material,  as  they  have 
thus  far  been  determined,  suggest  a  number  of  pos- 
sibilities for  the  isolation  of  uranium  and  thorium, 
together  with  co-products,  from  igneous  rocks.  The 
basic  steps  would  be  as  follows : 

1.  Quarry  rock,  crush  and  pulverize  to  grain  size. 

2.  Leach  with  dilute  acid  and  wash. 

3.  Neutralize  solution  and  precipitate  I^Oa  group. 
This  precipitate  will  be  composed  primarily  of  A12O3 
and  Fe2O3  and  will  carry  down  with  it  the  uranium, 
thorium,  rare  earths  and  the  majority  of  potentially 
useful  trace  elements; 

4.  Allow  precipitate  to  settle,  remove  supernatant 
solution  and  dissolve  precipitate  in  dilute  acid.   This 
solution  is  now  sufficiently  concentrated  to  permit 
direct   extraction   of   uranium,   thorium   and   other 
useful  trace  elements  by  a   sequence   of   straight- 
forward chemical  steps. 

For  the  purpose  of  discussion  let  us  assume  that 
material  is  being  processed  which  possesses  approxi- 
mately 0.4%  leachable  matter,  corresponding  to  4  kg 
per  metric  ton  of  rock.  Acid  consumption  would 
amount  to  40  moles  of  hydrogen  ions  per  ton  of 
rock  processed.  Hold-up  of  liquid  in  a  pulverized 


Table  IV.  Distribution  of  Alpha-tracks  in  Thin-section 
Autoradiographs  of  Several  Granitic  Rocks 


Fractures 

Total  number 

Major 

Accessory 

ana  Krain 

of  track'< 

minerals 

minerals 

bounaaries 

Georgia  I 

3255 

8% 

83% 

9% 

Georgia  II 

2706 

14% 

69% 

17% 

Montana 

1034 

26% 

35% 

39% 

rock  amounts  to  approximately  0.3  ml  per  gram 
of  rock  or  300  liters  per  metric  ton.  In  view  of  the 
fact  that  rates  of  solution  of  leachable  material  drop 
to  low  levels  below  acid  concentrations  of  about 
0.1M  the  concentration  of  the  acid  should  be  ad- 
justed so  that  the  hydrogen  ion  concentration  is 
0.1  M  after  leaching.  If  one  ton  of  pulverized  rock 
were  to  be  barely  covered  with  300  liters  of  0.23M 
acid,  the  hydrogen  ion  concentration  would  drop 
to  0.1M  following  dissolution  of  all  leachable  matter. 

Utilizing  a  cycling  system  involving  an  initial  leach 
and  five  washings  and  using  the  washings  to  leach 
and  wash  subsequent  batches,  an  over-all  yield  of 
leachable  material  of  about  85%  could  be  obtained 
under  steady-state  operating  conditions.  The  product- 
bearing  solution  would  contain  about  3.4  kg  of  dis- 
solved solids  (calculated  as  oxides)  per  300  liters, 
or  11  grams  per  liter. 

The  product  solution  under  steady-state  operating 
conditions  would  have  an  acid  concentration  of 
about  0.063M.  Somewhat  over  60  moles  of  hydrogen 
ions  and  600  liters  of  water  would  be  consumed 
per  ton  of  rock  processed. 

ENERGETICS  AND  COSTS 

Average  granite  contains  approximately  4  parts 
per  million  uranium  and  12  parts  per  million  thorium. 
If  all  of  the  uranium  and  thorium  could  be  extracted 
from  one  ton  of  rock,  then  converted  to  fissionable 
material  and  fissioned  in  a  nuclear  reactor,  the  energy 
release  would  be  equal  to  that  obtained  from  burning 
about  fifty  tons  of  coal.  We  have  seen  that  on  the 
average  about  25%  of  the  uranium  and  thorium  in 
a  granite  is  leachable  and  that  in  an  actual  process 
yields  amounting  to  about  85%  of  the  leachable 
materials  can  be  obtained.  Thus,  if  we  assume  nuclear 
breeding  and  the  isolation  only  of  the  leachable 
material,  a  ton  of  granite  is  equivalent  in  releasable 
energy  content  to  about  ten  tons  of  coal. 

We  must  now  inquire  into  the  energy  requirements 
for  processing  a  ton  of  granite.  Clearly,  if  this  were 
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to  be  less  than  the  equivalent  of  ten  tons  of  coal 
per  ton  of  granite  average  rock  could  be  processed 
with  a  net  energy  "profit". 

We  have  surveyed  the  energy  requirements  for 
quarrying  rock,  reducing  from  haulage  size  to  10- 
inch  pieces,  crushing  to  0.25-inch  size  and  pulveri- 
zing to  less  than  SO  mesh.  It  appears  that  these 
steps  would  require  somewhere  between  7  and  9 
kwh  per  ton  of  rock.  Acids  and  other  chemicals 
would  cost  between  10  and  25  kwh  per  ton,  depend- 
ing upon  the  acid  used  (the  higher  value  is  computed 
for  nitric  acid).  Additional  direct  energy  costs 
including  disposal  of  wastes,  water  pumping,  move- 
ment of  other  materials  through  the  process  and 
maintenance  and  shop  facilities  would  be  about  1 
kwh  per  ton.  To  these  figures  we  must  add  the 
"hidden"  energy  costs  involving  original  capital  in- 
vestment, replacement  of  equipment,  transportation 
to  and  from  the  plant,  etc.  These  are  difficult  to 
estimate,  particularly  if  all  hidden  energy  costs  are 
taken  into  consideration.  However,  our  calculations 
indicate  that  all  hidden  costs  combined  might  be 
expected  to  lie  in  the  range  of  0.7  to  2.3  kwh/ton. 

These  values  added  together  suggest  that  total 
energy  requirements,  both  direct  and  hidden,  would 
probably  lie  in  the  range  of  19  to  37  kwh  per  ton  of 
rock  processed.  If  we  assume  that  1  kwh  is  equi- 
valent to  1.3  Ib  of  coal  burned  at  20%  efficiency 
we  find  that  energy  costs  would  lie  in  the  range 
of  25  to  48  Ib  of  coal  per  ton  of  rock  processed. 
This  is  clearly  very  much  smaller  than  the  equivalent 
of  20,000  Ib  of  coal  which  could  be  extracted  from 
a  ton  of  average  rock. 

Thus,  when  we  view  the  problem  solely  from  the 
energetic  point  of  view,  it  is  clear  that  most  of  the 
granitic  rocks  of  the  earth's  crust  are  at  mankind's 
disposal  and  can  be  processed  for  a  net  energy  profit. 
This  means  that  the  reserves  of  uranium  and  thorium 
available  to  man  can  be  considered  for  all  practical 
purposes  as  infinite. 

Monetary  costs  per  ton  of  rock  processed  probably 
lie  in  the  range  of  $1.00  to  $2.25  per  ton,  depending 
upon  the  geological  c6nditions  and  the  acid  used  in 
processing.  This  means  that  if  only  average  granites 
were  processed  and  no  part  of  the  operating  cost 


could  be  assigned  to  co-products  or  to  by-products, 
uranium  could  be  produced  at  a  cost  lying  in  the 
range  of  $550  to  $1200  per  pound.  If  thorium  is 
considered  to  possess  one  third  of  the  value  of  ura- 
nium per  pound,  the  corresponding  price  ranges 
would  be  $270  to  $600  per  pound  for  uranium  and 
$90  to  $200  per  pound  for  thorium.  Values  of  by- 
products and  co-products  would  reduce  these  prices 
by  amounts  which  are  yet  to  be  determined.  If  by- 
products valued  at  about  $1.00  per  ton  of  rock  could 
be  obtained,  as  seems  possible,  the  maximum  cost  of 
uranium  from  average  granite  would  be  $340  per 
pound. 

It  is  clear  that  average  granite  cannot  be  processed 
economically  at  the  present  time,  but  there  are  large 
bodies  of  igneous  rocks  which  possess  higher-than- 
average  leachable  uranium  and  thorium  contents. 

CONCLUSIONS 

1.  A  substantial  fraction  of  the  uranium,  thorium 
and  certain  other  elements  present  in  igneous  rocks 
can  be  readily  removed  by  leaching  with  dilute  acid. 

2.  More   energy  can   be   obtained    from   average 
granite  in  the  form  of  uranium  and  thorium  than  is 
required  for  the  processing  of  the  rock. 

3.  Although    the    costs    of    processing    average 
granite  is  prohibitively  high  at  the  present  time,  there 
are  igneous  bodies  which  possess  higher-than-average 
concentrations  of  leachable  uranium  and  thorium. 
Some  of  these  bodies  might  well  be  processed  com- 
petitively in  the  near  future. 

4.  There  is  ample  uranium  and  thorium  in  the 
igneous  rocks  of  the  earth's  crust  to  power  a  highly 
industrialized  world  economy  for  a  very  long  period 
of  time. 

5.  When   we   look   at   the   situation   solely   from 
the  point  of  view  of  availability,  no  nation  which 
needs   uranium   and   thorium   in   quantity   need   be 
deprived  of  supplies  of  these  elements. 
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Two  Instances  of  Physical  Uranium  Ore  Dressing 


By  Andr6  Ginocchio,*    France 

Until  now  all  the  uranium  deposits  being  worked 
in  France  are  of  the  vein  type,  and  show  a  great 
variety  of  mineralization  and  structure. 

The  concentration  processes  to  be  used  for  such 
minerals  have  to  be  devised  individually  for  each  of 
them  and,  in  many  cases,  only  chemical  treatment 
can  solve  the  problem. 

In  both  of  the  cases  described  below,  however, 
flotation  gave  good  results. 

FIRST  CASE 
Description  of  the  Ore 

It  is  made  up  of  small  parsonsite  (uranium  and 
lead  phosphate)  crystals,  disseminated  in  a  quartz 
gangue.  Since  the  country  rock  is  argillaceous,  the 
mineral  as  extracted  contains  15%  to  20%  of  clay. 
Accessory  mineralization  is  made  up,  in  variable 
proportions,  of  chalcolite,  kasolite,  and  various  sul- 
fides  (galena,  zinc  blende). 

Parsonsite  appears  in  the  form  of  acicular  crystals, 
which  are  either  elongated  or  make  up  curved  and 
extremely  friable  lamellae,  the  specific  gravity  of 
which  varies  from  5,35  to  5.40.  It  crystallizes  in 
the  monoclinic  system  and  its  formula  is :  2  PbO- 
UOs-PaCVHaO. 

The  uranium  present  in  the  accessory  minerals 
never  accounts  for  more  than  a  few  per  cent  of  the 
total  uranium. 

As  indicated  above,  parsonsite  is  exceedingly 
friable,  and  crushing  to  0.5  mm  yields  a  large  propor- 
tion of  metal  in  the  fines:  60%  in  the  —200  mesh, 
of  which  20%  is  in  the  —15  microns. 

Gravimetric  Treatment 

Following  crushing  to  1  mm,  the  mineral  was 
passed  on  to  the  shaking  table  and  to  a  tilting  table 
of  the  Buckman  type. 

The  results  obtained  were  not  too  satisfactory, 
because  the  average  yield  varied  between  45  and 
60%,  with  a  concentration  factor  of  80  to  100. 

Chemical  Treatment 

In  view  of  the  relative  failure  of  the  gravimetric 
treatment,  chemical  treatment  tests  were  carried  out 
in  the  laboratory,  and  their  success  led  to  the  estab- 
lishment of  a  pilot  plant. 

The  mineral  was  treated  at  107°C  by  a  5%  solu- 
tion of  sodium  bicarbonate  in  a  pressure  vessel 
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(under  a  pressure  of  0.5  kg/cm2)  ;  at  the  end  of  two 
hours,  nearly  all  the  uranium  was  in  solution.  The 
leach  liquid  was  re-cycled  three  times  in  order  to 
raise  its  uranium  content  to  a  level  adequate  for 
a  good  precipitation 

Sulfuric  acid  ther  was  added  to  the  solution  of 
uranyl  carbonate,  in  order  to  bring  its  pH  to  2.5, 
the  remaining  carbon  dioxide  was  blown  off  by  the 
injection  of  compressed  air,  and  the  pH  then  was 
brought  up  to  12  by  the  addition  of  concentrated 
caustic  soda  solution,  which  gave  a  precipitate  made 
up  of  a  mixture  of  uranate  and  uranium  phosphate, 
analyzing  50%. 

The  average  yield  was  about  75%,  the  losses 
being  due  to  the  difficulty  in  washing  the  mineral 
following  leaching,  due  to  its  argillaceous  nature. 

Flotation  Treatment 
Laboratory  Tests 

Flotation  tests  were  carried  out  in  the  laboratory 
in  parallel  with  the  chemical  treatment  tests. 

In  view  of  the  argillaceous  nature  of  the  mineral, 
and  in  order  to  follow  the  general  practice  of  flotation 
of  the  phosphates  with  fatty  acids,  it  was  necessary 
first  to  think  in  terms  of  deslurrying  the  mineral, 
which  would  cause  a  loss  of  15%  to  20%,  giving 
a  final  yield  only  slightly  higher  than  that  given 
by  the  gravimetric  treatment. 

Accordingly,  it  was  decided  to  look  into  the  matter 
of  carrying  out  the  flotation  without  any  deslurrying, 
and  without  any  heating  of  the  water,  another 
current  practice  in  phosphate  flotation. 

The  results  achieved  with  sodium  silicate  and  oleic 
acid  in  the  laboratory  were  rapidly  encouraging  as 
to  selectivity  and  recovery,  but  at  the  cost  of  a 
relatively  large  consumption  of  oleic  acid  (2500 
gm/tonne). 

Efforts  to  reduce  consumption  by  lengthening 
the  processing  time  varying  the  dilution  or  the  pH, 
or  using  fuel  oil  as  a  co-collector,  were  unsuccessful. 

Moreover,  attempts  at  using  less  costly  reagents, 
such  as  naphthenic  acid,  talluol  soap,  and  various 
amines,  gave  much  less  favorable  results  than  oleic 
acid. 

A  notable  improvement  was  obtained  by  using  a 
solution  of  oleic  acid  in  ethyl  alcohol ;  the  advantages 
of  this  practice  being  the  following: 

1.  A  considerable  reduction  in  the  quantity  of 
oleic  acid  used;  under  laboratory  conditions,  it  was 
reduced  from  2500  to  800  gm/tonne. 
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2.  A  decrease  in  the  clay  content  of  the  foams. 

3.  The  possibility  of  avoiding  the  need  for  heat- 
ing the  reagent  distributors  in  the  winter,  as  is  the 
case  with  pure  oleic  acid. 

Under  these  conditions  the  following  results  were 
obtained : 

(a)  Average  first  treatment  yield  90%,  with  a 
concentration  factor  of  15%  to  2Q%. 

(b)  Average  retreatment  yield  95% ,  with  a  con- 
centration factor  of  5. 

(c)  Conditioning  time  before  the  first  treatment: 
10  minutes. 

(d)  Flotation  time   for  the  first  treatment:    15 
minutes. 

Flotation  is  carried  out  at  a  pH  around  7,  but 
variations  in  the  6  to  8  range  are  practically  without 
effect. 

We  believe  it  is  in  order  for  us  to  draw  attention 
to  the  fact  that  the  tests  carried  out  with  very  pure 
oleic  acid  gave  worse  results  than  those  given  by 
the  industrial  oleic  acids,  which  shows  that  a  good 
collector  must  contain  higher  fatty  acids. 

Industrial  Flotation 

These  results,  obtained  in  1951,  led  us  to  substi- 
tute a  flotation  plant  for  the  gravimetric  treatment 
plant ;  at  the  same  time,  various  improvements  were 
made  at  the  beginning  of  the  washing  section,  in 
particular  the  installation  of  a  new  vibrating  screen 
for  0.5-mm  screening. 

The  flotation  shop  proper  consists  of  one  100  liter 
conditioner,  one  1000  liter  conditioner  and  eight 
double  flotation  cells  of  the  Minemet  A  800  type. 

The  cycle  consists  of  a  coarse  circuit,  using  twelve 
vats,  with  two  consecutive  recyclings  of  the  con- 
centrates it  gives. 

The  plant  began  its  activities  on  February  10, 
1952,  and  met  with  good  success;  it  operated  with 
the  same  mineral  until  May  1954. 

In  contrast  with  what  happened  in  the  laboratory, 
the  addition  of  sodium  silicate  was  rarely  necessary. 
The  major  fraction  of  the  oleic  acid-alcohol  mixture 
was  added  at  the  intake  of  the  1000  liter  conditioner, 
after  which  we  made  two  additions,  to  the  fifth 
and  eighth  vats  respectively. 

Flotation  was  carried  out  with  a  pulp  which 
contained  30%  solids  by  weight,  for  an  average 
oleic  acid  consumption  of  500  gm/tonne  or  190 
francs/tonne  in  reagent  cost. 

Since  the  ore  content  was  very  variable  (from 
0.02%  to  0.2%  uranium),  the  results  achieved  were 
no  less  variable;  the  overall  yield  varied  between 
60%  and  90%,  the  concentration  factors  from  40 
to  130. 

On  an  average,  for  two  years  of  operations,  the 
yield  was  80%  with  a  concentration  factor  of  60. 

Filtration  of  the  concentrates  on  a  continuous 
vacuum  type  filter,  proved  practically  impossible, 
even  following  thickening.  The  addition  of  various 
flocculating  agents  (alum,  lime,  flocgel)  brought 
about  no  perceptible  improvement;  on  the  other 
hand  aluminum  chloride  enabled  us  to  achieve  a 


complete  transformation  of  the  filtration  conditions. 
Flotation  poisons  were  the  following: 

1.  Lime,  introduced  into  the  ore  by  residues  of  the 
carbide  lamps  used   by  the  miners.   It    causes  the 
formation  of  a  very  persistent  white  foam,  a  bad 
collector,  which  cuts  the  yield  in  half. 

By  adding  dilute  sulfuric  acid,  it  is  possible  to 
remedy  this  poisoning  to  some  extent. 

2.  Iron  sulfates,  resulting  from  the  alteration  of 
the  sul fides  in  some  parts  of  the  mine,  which  acts 
as  inhibitors.  This  inhibiting  effect  is  counter  acted 
by  adding  sodium  silicate,  in  preference  to  sodium 
carbonate. 

SECOND  CASE 
Description  of  the  Ore 

The  new  ore  is  made  up  of  a  mixture,  in  very 
variable  proportions,  of  pitchblende,  chalcolite, 
autunite,  uranotile,  parsonsite  and  pyrite,  the  gangues 
being  made  up  of  quartz,  feldspars,  mica  and  clays. 

The  proportion  of  uranotile  (uranium  and  calcium 
silicate)  is  very  variable,  and  the  uranium  content 
of  this  mineral  species  may  reach  30%  of  the  total 
uranium. 

Attempts    at   Mixed   Treatment 

Due  to  the  presence  of  pitchblende  (high  density) 
and  uranotile  (silicate)  in  the  mineral,  we  have 
naturally  been  led  to  consider  the  advisability  of 
resorting  to  a  mixed  gravimetric-flotation  treatment, 
in  order  to  treat  only  the  phosphates  (chalcolite, 
autunite,  parsonsite)  by  flotation. 

By  combining  or  gravimetiric  treatment  and  flota- 
tion plants,  we  carried  out  industrial  tests  under 
the  following  conditions: 

Crushing  to  sixty  mesh,  treatment  on  shaking 
table  of  the  grains  larger  than  200  mesh,  on  Buck- 
man  table  of  the  grains  smaller  than  the  200  mesh. 
The  tailings  of  the  shaking  table  were  concentrated 
in  a  cyclone,  and  added  to  those  of  the  Buckman 
table,  which  one  could  not  think  of  concentrating 
without  incurring  the  risk  of  serious  losses. 

We  thus  obtained  a  yield  of  about  65%,  with  a 
concentration  factor  of  20. 

Industrial  Flotation 

Attempts  at  direct  flotation  of  this  complex 
mineral  by  using  the  olein  alcohol  mixture  gave 
mediocre  yields  of  about  50%. 

On  the  other  hand,  the  use  of  an  oleic  acid-alcohol- 
Teepol  mixture  made  possible  substantially  better 
results. 

Under  industrial  operating  conditions,  for  mineral 
contents  comprised  between  0.01%  and  0.1%,  the 
yield  varies  between  60%  and  77%,  with  an  average 
of  approximately  70%  and  a  concentration  factor 
of  30  (the  flotation  circuit  is  the  same  as  before, 
namely  two  recyclings  of  the  concentrates  given 
by  the  first  treatment). 

Contrary  to  what  was  the  case  for  the  preceding 
ore,  the  pH  had  a  very  important  influence  on  the 
flotation.  It  had  to  range  between  6.4-7,  and  was 
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adjusted  by  adding  sodium  carbonate  to  the  crusher 
and  at  various  points  of  the  flotation  circuit. 

Flotation  is  carried  out  with  a  slurry  containing 
25%  solids,  at  a  consumption  of  1500  gm/tonne  of 
oleic  acid. 

CONCLUSIONS 

It  will  be  seen,  from  the  examples  mentioned  above 
that,  although  the  uranium  ores  often  should  be 
treated  by  hydrometallurgy,  there  are  cases  where 
flotation  may  provide  a  very  convenient  solution  to 
the  problem  of  concentration. 

At  any  rate,  it  should  be  looked  into,  since  it 
may  afford  very  interesting  enrichment  with  low 
investments,  and  still  lower  costs. 


Approximately,  it  is  felt  that  it  is  possible  to 
show  costs  diagrammatically  as  follows,  according 
to  the  methods  used,  taking  as  a  basis  the  flotation 
treatment : 

Cost,  per  ton  of  mineral 


Flotation 
Alkaline  leach 
Acid  leach 


Investment 

100 
100 
300 


•  ton  of 
treated 

100 
250 
400 


It  will  thus  readily  be  seen  that  poor  and  low 
tonnage  deposits  can  be  worked  only  following 
flotation  concentration,  which  makes  it  possible  to 
write  off  the  facilities  on  tonnages  of  only  one  third 
of  those  needed  in  the  case  of  acid  treatment  and 
recovery  costs  being  equal,  to  treat  ores  2.5  to  4 
times  poorer. 


Beneficiation  Characteristics  of  Uraniferous  Ores  in  India 

By  R.  Krishnaswamy,  J.  Y.  Somnay  and  G.  V.  Rao,*  India 


Refractory  uranium  minerals  of  pegmatitic  origin 
like  samarskite  occur  in  a  number  of  localities  in 
India.  The  occurrence  of  these,  however,  is  sporadic, 
and  they  are  produced  only  as  by-products  of  the 
mica  mining  industry.  The  placer  deposits  of  mona- 
zitcs  are  worked  for  the  thorium  and  rare-earth 
contents,  uranium  being  a  by-product. 

Economically  workable  deposits  of  uranium  are 
those  in  which  the  oxide,  hydrated  oxide,  phosphates, 
and  titanates  occur  as  disseminations  in  metamor- 
phic  rocks.  These  belong  to  the  pre-Cambrian  age, 
and  contain  sulphides  of  copper,  nickel  and  lead.  The 
host  rocks  are  siliceous  with  little  or  no  carbonates. 

The  following  are  some  of  the  deposits  which  have 
shown  promise  of  economic  exploitation: 

TYPE   I:      FINE  TO  MEDIUM  GRAINED    ROCKS 

CARRYING  A  FAIR  PROPORTION  OF 

SECONDARY  MINERALS 

(a)  Chlorite-schists      and      hornblende-chlorite- 
schists,   containing    small    quantities   of   pitchblende 
and  autunite,  in  association   with  copper  minerals. 

(b)  Chlorite-biotite   schists,   and   apatite-magne- 
tite rocks  containing  pitchblende,  with  more  or  less 
amounts    of    gummite    and    phosphate    minerals    of 
uranium. 

TYPE  II:     FINE  TO  MEDIUM  GRAINED   ROCKS 

CARRYING   PRIMARY    URANIUM 

MINERALS  MAINLY 

Phyllites,  and  the  interaction  rock  carried  in  them, 
containing  pitchblende  and  varying  small  amounts 
of  autunite  and  torbernite,  associated  with  apatite 
and  copper  minerals. 

TYPE  III:     MEDIUM  TO  COARSE  GRAINED   ROCKS 
CARRYING   PRIMARY   URANIUM  MINERALS 

Dark  grey,  fine  grained  ferruginous  quartzites, 
interbedded  with  schists,  carrying  brannerite,  besides 
fair  amounts  of  feldspar,  chlorite,  magnetite,  and 
minor  amounts  of  limonite  and  biotite. 

In  most  cases,  while  the  major  mineral  constituents 
are  liberated  at  a  grind  of  100  to  150  mesh,  libera- 
tion of  uranium  minerals  require  much  finer  grind. 
Table  I  gives  the  constituent  minerals  in  a  typical 
ore,  and  the  unliberated  uranium  minerals  associated 
with  them  at  a  grind  of  150  mesh. 

The  exact  nature  of  association  of  the  uranium 
minerals  with  the  gangue  is  not  clearly  understood  in 
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all  cases.  In  some,  it  has  been  traced  to  the  sub- 
microscopic  cracks  and  fissures  in  weathered  host 
rock  that  have  been  tilled  by  the  secondary  uranium 
minerals. 

The  formation  of  these  secondary  minerals,  to- 
gether with  the  fact  that  even  the  primary  mineral 
occurs  as  disseminations,  tends  to  concentrate  the 
uranium  values  in  the  fines  during  grinding.  The 
following  data  are  typical  of  the  uranium  distribu- 
tion (Table  II). 

Since  the  uranium  minerals  are  not  liberated  at  a 
reasonable  grind  and  since  the  grinding  is  to  be 
kept  to  a  minimum  to  avoid  losses  in  the  slimes,  the 
beneficiatioii  of  these  ores  is  carried  out  to  eliminate 
those  minerals  which  are  free  from  uranium,  or 
those  that  carry  the  least  amount  of  it  at  an  economic 
grind. 

BENEFICIATION   CHARACTERISTICS  OF  TYPE  I 

Hornblende— chlorite  schist,  occurring  in  the  thrust 
zone  of  the  Bihar  copper  belt,  is  typical  of  these  ores. 
The  major  minerals  constituting  this  ore  are  quartz, 
hornblende,  chlorite,  magnetite,  with  accessory 
amounts  of  apatite,  limonite,  and  biotite.  Some  of 
the  exposed  and  fractured  surfaces  carry  encrusta- 
tions of  autunite.  The  quartz  grains  in  the  rock  are 
uneven  and  angular,  and  contain  occasionally  inclu- 
sions of  apatite  and  magnetite.  Biotite,  hornblende 
and  chlorite  occur  as  elongated  grains  with  longest 
dimension  in  the  direction  of  foliation.  Magnetite 
occurs  as  small  rounded  grains,  sporadically  distri- 
buted throughout  the  rock,  and  occasionally  in 
patches.  Some  grains  show  alteration  to  limonite. 
Apatite  is  well  rounded  and  is  usually  coarser  than 
quartz.  Some  of  the  apatite  grains  are  clear,  while 
others  show  a  greyish  brown  weathered  appearance 
with  numerous  cracks.  These  contain  sometimes 
inclusions  of  magnetite. 

The  mineral  composition  of  this  ore,  and  the 
uranium  distribution  among  the  minerals  are  given 
in  Table  I.  It  can  be  seen  from  the  figures  that 
gravity  processes  would  not  yield  a  good  concentrate 
with  economic  recoveries.  Table  III  shows  the 
results  obtained  on  tabling. 

Bulk  flotation  of  magnetite,  micas  and  apatite, 
while  depressing  silica,  is  feasible  with  long  chain 
amines.  Table  IV  shows  the  results  of  flotation  with 
Rosin  Amine  D  Acetate  (RAD A)  and  with  Armac 
12-D. 

Since  the  reagents  do  not  have  any  selectivity  for 
the  uranium  minerals,  some  of  the  liberated  grains 
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Table  I 


Mineral          Wt  %  of  mineral'        %  U,0,t  %  distribution 


Quartz 

48.3 

0.019 

8.3 

Micas 

32.0 

0.170 

49.5 

Magnetite 

16.5 

0.216 

32.5 

Apatite 

3.2 

0.280 

8.1 

Free  uranium 

minerals 

•- 

•• 

1.6  * 

*  Estimated  by  the  Rosiwal  analysis  of  the  powdered  ore. 

f  Estimated  by  radiometry. 

^Calculated  as  the  difference  between  the  total  uranium 
oxide  in  the  ore,  and  that  associated  with  the  accessory 
minerals. 


of  these  are  not  floated.  Some  of  these,  however, 
could  be  recovered  by  scavenging  on  the  tables.  In 
the  case  of  flotation  with  Armac  12-D,  tabling  of 
the  flotation  tails  yielded  a  concentrate  with  0.186% 
UaOg  with  an  over-all  recovery  of  3.26%. 

Flotation  with  Armac  12-D,  at  a  grind  of  80% 
—  150  mesh,  followed  by  scavenging  of  the  tails  on 
tables  produced  a  concentrate  with  0.21%  UsOs  at 
an  over-all  recovery  of  about  87%.* The  concentrates 
contained  no  quartz  but  carried  most  of  the  other 
minerals  present  in  the  ore.  These  results  are  in 
agreement  with  what  can  be  expected  from  Table  I. 


Table 


Size  in 
microns 


Orel 


Ore  2 


Ore  3 


%  weiRht       Assay       %  distri'     %  weight       Assay        %  distri-     % 
%  f/jOg        button  %  t'aOs       button 


Assay          %  distri- 
%  U&9          button 


+  72 

48.2 

0.015 

22.6 

75.0 

0.062 

50.2 

12.1 

0.07 

16.0 

-  72  H 

h56 

1.4 

0.040 

1.7 

2.8 

0.06 

1.9 

11.9 

0.05 

9.6 

-56H 

h40 

6.5 

0.014 

2.8 

6.4 

0.11 

7.6 

33.8 

0.03 

16.5 

-40- 

i-28 

8.8 

0.021 

5.7 

5.0 

0.13 

7.0 

19.2 

0.04 

12.5 

-  28- 

1-20 

8.5 

0.029 

7.7 

3.4 

0.16 

5.9 

9.0 

0.06 

8.8 

-20- 

r-  14 

6.5 

0.030 

6.1 

2.3 

0.24 

5.9 

4.8 

0.13 

10.1 

-  14  H 

h  10 

6.0 

0.050 

9.4 

1.6 

0.26 

4.5 

2.6 

0.15 

6.3 

-  10 

14.1 

0.100 

44.0 

3.5 

0.45 

17.0 

4.6 

0.27 

20.2 

Table  III 


Product 


%  distribution         Major  minerals 


Concentrate 

0.166 

14.55 

Magnetite 

Middlings* 

0.067 

42.90 

Quartz,  apatite 

Tails 

0.126 

30.20 

Micas,  quartz  and 

traces  of  apatite 

Slimes 

0.146 

12.55 

Feed 

0.110 

100.00 

*  The  middlings  contain  mainly  quartz  and  carry  the  least 
concentration  of  uranium. 


Table  IV 

Reagents 

Concentrates 

Tails 

Feed 

%  distri- 
%  UtOt      button 

%  distri- 
%  Z7iOs       button 

RADA 

sulfuric  acid 

0.205        93.0 

0.01         6.90 

0.11 

Armac  12-D 

sod.  silicate 

0.230        83,7 

0.03       16.2 

0.11 

Table  V 


%  distribution 

%  weight 

%U*h 

On  heads 

Over-all 

Concentrates 

34.4 

0.596 

63.8 

43.4 

Tails 

65.6 

0.177 

36.2 

25.0 

Feed 

100.0 

0.280 

100.0 

68.4 

It  was  mentioned  earlier  that  some  of  the  grains 
of  apatite  showed  weathering  while  others  did  not. 
The  secondary  uranium  minerals  are  more  closely 
associated  with  the  weathered  than  with  the  non- 
weathered  gangue  minerals.  Recleaning  the  con- 
centrates in  an  acidic  pulp  with  certain  reagents, 
notably  those  of  the  600  series  of  the  American 
Cyanamid  Company,  does  produce  a  further  separa- 
tion of  the  weathered  and  non- weathered  gangue 
minerals.  But  this  does  not  yield  good  recoveries  as 
is  seen  from  Table  V. 

It  is  clear  from  the  above  results  that  the  quartz, 
forming  nearly  half  of  the  ore,  carries  the  least 
amount  of  uranium.  The  removal  of  quartz  pro- 
duces a  concentrate  with  nearly  double  the  uranium 
values  at  a  loss  of  about  10-13%.  Further  concentra- 
tion is  accompanied  with  much  greater  losses.  The 
economic  upgrading,  therefore,  stops  with  the  re- 
moval of  quartz. 

There  are  cases  where  the  rock  is  not  fine  grained, 
and  liberation  of  constituent  minerals  takes  place 
at  a  comparatively  coarse  size,  but  the  uranium 
minerals  are  not  normally  liberated  unless  the  ore 
is  ground  to  a  very  fine  size. 

The  ferruginous  quartzites,  occurring  in  Bihar 
carry  0.106%  UsOg.  The  major  minerals  in  the  ore 
are  quartz  and  hematite,  with  accessory  amounts 
of  magnetite,  chlorite,  apatite,  biotite,  garnet  and 
tourmaline.  The  radioactive  minerals  are  chiefly 
associated  with  hematite.  Most  of  the  hematite  is 
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Figure  1.  Thin    section    of    ferruginous   quartzite, 
showing   hematite  and  quartz 


Figure   2.  Autoradiograph   of   section   in    Fig.    1,   showing   activity 
confined  to  hematite  and  inclusions  of  hematite  in  quartz 


liberated  from  quartz  at  about  %-inch  size,  but  for 
some  minute  inclusions  of  it  in  the  latter.  Figures 
1  and  2  show  a  thin  section  and  its  autoradiograph. 

The  hematite  is  highly  porous  and  shows  alteration 
to  limonite  having  a  marked  tendency  to  slime,  The 
sliming  of  the  limonite,  together  with  the  fact  that 
the  uranium  is  associated  with  the  iron  minerals, 
introduces  heavy  losses  in  a  straight  gravity  process. 
The  porosity  of  the  hematite,  coupled  with  the  fact 
that  the  liberation  is  effected  only  at  a  %-inch  size, 
makes  conventional  heavy  media  process  inap- 
plicable. It  is  possible  that  the  ore  may  yield  to 
the  more  recent  methods  of  heavy  media  separation, 
e.g.,  the  Dutch  Cone.  These,  however,  have  not  been 
tried.  The  ore  yields  to  agglomeration  tabling,  to 
flotation  for  hematite,  and  to  magnetic  separation 
after  a  magnetising  roast,  each  of  which  effects  a 
separation  between  quartz  and  hematite. 

As  seen  in  Table  VI,  all  these  methods  yield 
more  or  less  similar  results. 

The  higher  recovery  in  the  flotation  and  magnetic 
separation  is  due  to  the  finer  grind  when  the  hematite 
inclusions  in  the  quartz  are  also  liberated. 

Because  of  the  close  association  of  uranium 
minerals  as  minute  disseminations  in  hematite,  fur- 
ther concentration  does  not  yield  good  results. 

In  this,  as  in  the  hornblende-chlorite  schist,  the 
aim  of  beneficiation  is  the  removal  of  uranium-free 
quartz  at  an  economic  grind.  The  actual  choice  of 
the  method  is  controlled  by  the  treatments  to  follow 
and  economy. 

Table  VI 


Process 


Grind      concentrates  recovery 


—20  mesh      0.25 


Agglomeration  tabling 
Flotation  with  oleic  acid 

and  reagent  801  in  acid  pulp  -  100  mesh      0.24 
Magnetic  separation,  after 

magnetising  roast  at  600 CC     — 60  mesh      0.24 


90.0 
94.5 
95.0 


BENEFICIATION  CHARACTERISTICS  OF  TYPE  II 

Where  uranium  occurs  mainly  as  a  primary  min- 
eral it  has  been  observed  that  its  association  with  the 
gangue  minerals  is  not  as  close  as  in  the  case  of 
secondary  uranium  minerals.  The  following  Table 
VII,  shows  the  mineral  constituents  of  a  hornblende- 
chlorite  schist,  obtained  from  a  depth  of  about  1200 
feet.  The  rock  is  essentially  the  same  as  the  one 
referred  to  in  Table  I,  except  that  the  minerals  are 
not  weathered.  In  addition  to  quartz,  micas,  magne- 
tite and  apatite,  the  ore  carries  small  amounts  of 
chalcopyrite  and  pyrite. 

Tabling  of  the  ore  stage-ground  to  —100  mesh 
yielded  the  results  shown  in  Table  VIII. 

The  concentrate  contains  mainly  the  primary 
uranium  mineral  (pitchblende)  as  observed  under 
the  microscope  and  from  the  autoradiographs.  This 
represents  86.5%  of  the  liberated  uranium  minerals 
present  at  this  grind  (Table  VII). 

Further  concentration  of  the  uranium  minerals 
can  be  effected  by  the  removal  of  sulphides  by  flota- 
tion and  apatite  by  tabling.  Table  IX  gives  the' results 
of  further  upgrading. 

Table  VII 


Mineral 

r/f  mineral 
in  ore 

%  Vfi%  in 
mineral 

% 

distribution 

Quartz 

22.6 

0.030 

8.5 

Micas 

57.2 

0.018 

12.8 

Magnetite 

7.2 

0.040 

3.6 

Apatite 

8.7 

0.044 

4.8 

Sulphides 

4.3 

0.046 

25 

Free  uranium  minerals 

•• 

67.8 

Table  VIII 


%  distribution 
U90B         of  U,0t 


Major  minerals 


Concentrate         Q41  59.6  Magnetite,    sulphides, 

apatite 

Middling  0.047  31.6  Apatite,  quartz     • 

Tails  0.026  8.8  Micas,  quartz 
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Table  IX 


%  U.O.     %  distribution* 
ofU,09 


Copper  concentrate 

(flotation)  0.046  15.6 

Apatite  concentrate 

(tabling  of  flotation  tails)  0.12  9.2 

Uranium  concentrate 

(tabling  of  flotation  tails)  1.42  75.2 

*  The  %  distribution  calculated  on  the  basis  of  uranium 
in  the  rougher  table  concentrate. 

Tabling  aimed  at  the  concentration  of  primary 
uranium  minerals,  which  arc  the  heaviest  in  the  ore, 
yields  a  concentrate  of  a  high  grade  representing 
good  recovery. 

In  general,  the  primary  minerals  in  these  low  grade 
ores  have  undergone  alterations  and  the  secondary 
products  so  formed  have  spread  to  the  adjoining 
cracks  and  fissures  as  loose  fillings.  This  secondary 
alteration,  proceeding  from  the  outer  shell  of  the 
primary  mineral  grains  towards  the  centre,  reduces 
the  inherent  grain  size  of  the  unaltered  primary 
mineral.  The  presence  of  the  secondary  minerals 
results  in  a  tendency  to  slime. 

BENEFICATION  CHARACTERISTICS  OF  TYPE  III 

Occurrence  of  brannerite  as  fair  sized  crystallites 
in  addition  to  the  disseminations  in  ferruginous 
quartzitrs  and  phyllites  is  another  case  where  direct 


methods  of  upgrading  have  shown  some  promise. 
It  has  been  possible  with  this  ore  to  handpick  lumps 
of  high  activity,  indicating  the  possible  applicability 
of  the  Lapointe  picking  belt.  Even  though  the  rejects 
from  the  above  still  carry  fair  amounts  of  the  dis- 
seminations of  brannerite  and  require  retreatment, 
the  radiogenic  picking  as  a  preliminary  step  seems 
promising. 

Preliminary  experiments  on  electrostatic  separa- 
tion have  also  shown  promise. 

SUMMARY 

The  uraniferous  ores  in  India  are  almost  in- 
variably metamorphic  rocks.  They  carry,  apart  from 
the  original  primary  mineral,  a  number  of  secondary 
products,  forming  ercrustations  or  loose  fillings  in 
microscopic  fissures  md  cracks.  Milling  necessitates 
fine  grinding,  thus  making  all  methods  involving  a 
coarse  feed  inapplicable.  Because  of  the  complexity 
of  uranium  minerals  occurring  in  the  ores  and 
because  of  the  extreme  fineness  of  grind  required 
for  their  liberation,  direct  methods  of  concentration 
of  uranium  minerals  have  been  of  little  use,  except 
in  isolated  instances. 
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The  CHAIRMAN  :  I  do  not  think  there  would  be 
be  any  point  in  my  emphasizing  the  importance  of  the 
subject  with  which  we  arc  going  to  deal  today. 

As  you  know,  the  progress  made  in  treating 
uranium  ore,  and  especially  the  very  plentiful  low- 
grade  ores,  will  determine  not  only  the  supplies  of 
uranium  that  will  be  available  to  us  in  the  future 
but  also  the  price  of  that  uranium. 

I  feel  that  it  is  worth  while  noting  that  the  subject 
of  the  chemical  treatment  of  uranium  ores  had  until 
now  remained  largely  secret,  and  the  papers  we  have 
received  on  the  subject  from  a  number  of  countries 
indicate  how  unfortunate  this  secrecy  is,  since  many 
countries  have  done  the  same  research  work  inde- 
pendently. I  would  mention  in  particular  the  recovery 
of  uranium  in  the  form  of  uranous  phosphates, 
which  was  a  well-known  analytical  reaction  since 
uranous  phosphate  is  very  insoluble.  Until  recently, 
at  least  five  or  six  countries  used  this  process  in 
preparing  uranium.  The  same  applies  to  the  use 
of  ion-exchange,  and  I  believe  that  the  recovery  of 
uranium  by  means  of  ion-exchange,  especially  in 
South  Africa,  is  the  first  large-scale  industrial  appli- 
cation in  this  field. 

Finally,  I  should  like  to  stress  the  new  importance, 
for  many  countries  at  least,  of  the  research  on  sol- 
vent extraction  of  quadrivalent  uranium  with  phos- 
phoric acid  solutions,  which  will  probably  allow,  or 
perhaps  already  allows,  uranium  to  be  extracted  in 
the  process  of  superphosphate  manufacture. 


I  think  it  may  be  said  that  virtually  no  secrets 
remain  in  the  field  of  the  chemical  treatment  of 
ores,  and  the  United  States  delegation  in  particular 
has  advised  us  that  it  is  prepared  to  discuss  freely 
the  findings  of  American  research  and  development 
work,  as  well  as  the  chemical  extraction  of  uranium 
from  its  ores. 

Thus  we  may  say  that  we  are  now  about  to  enter 
upon  a  subject  in  which  exchanges  of  information 
will  become  progressively  easier,  which  is  very  im- 
portant for  us  all. 

Mr.  G.  G.  MARVIN  (USA)  presented  paper 
P/519. 

Mr.  A.  THUNAES  (Canada)  presented  paper  P/2. 

Mr.  P.  MOURET  (France)  presented  paper  P/339. 

Mr.  M.  D.  HASSIALIS  (USA)  presented  paper 
P/521. 

Mr.  G.  G.  MARVIN  (USA)  presented  paper 
P/524  as  follows:  The  phosphate  rock  mined  in 
Florida  and  the  western  States  contains  an  average 
of  0.01  per  cent  U3O8.  Most  of  the  domestic  phos- 
phate mined  is  used  in  the  manufacture  of  ordinary 
and  triple  superphosphate  fertilizers.  Since  the  min- 
ing and  processing  of  the  ore  are  financed  by  existing 
fertilizer  production,  the  cost  of  by-product  uranium 
recovery  is  not  as,  high  as  might  be  expected. 

In  triple  superphosphate  manufacture,  about  70 
to  90  per  cent  of  the  uranium  in  the  rock  is  solubil- 
ized  by  the  HaSO*  and  reports  into  the  commercial 
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HaPO4  intermediate  thus  formed.  The  resulting  solu- 
tion contains  about  90  to  200  mg  of  U3O8/liter.  Since 
this  is  the  most  economical  point  in  the  process  at 
which  uranium  can  be  removed,  our  study  has  been 
confined  principally  to  these  solutions. 

The  process  for  recovery  of  uranium  from  phos- 
phoric acid  consists  of :  (1)  contacting  the  acid  with 
a  1-2  per  cent  solution  of  an  alkyl  pyrophosphate  in 
kerosene;  (2)  separating  the  phases ;  (3)  recovering 
the  uranium  from  the  solvent  as  a  fluoride  salt  by 
precipitation  with  48  per  cent  HF;  (4)  re-using  the 
solvent  on  a  continuous  basis  with  a  required  amount 
of  fresh  solvent  make-up. 

A  simplified  flow  diagram  is  shown  in  Slide  1  (a 
full  diagram  is  given  in  Fig.  1  of  P/524).  For 
extractants,  we  have  had  most  success  with  alkyl 
pyrophosphates.  These  compounds  have  a  high  selec- 
tivity for  uranium  over  various  contaminants.  Pyro- 
phosphates with  relatively  long-chain  alkyl  groups 
are  virtually  insoluble  in  water  but  completely  mis- 
cible  in  hydrocarbon  diluents  such  as  kerosene.  Com- 
pounds made  with  alcohols  ranging  from  4  to  17 
carbons  have  been  tested.  The  extracting  power  per 
mole  of  ester  increased  with  increasing  chain  length 
up  to  twelve  carbons,  but  for  economic  reasons  octyl 
esters  have  been  used  most  extensively. 

Since  pyrophosphate  compounds  hydrolyze  to  or- 
thophosphates  in  time,  they  should  be  made  in  the 
laboratory  within  a  few  days  before  usage.  The 
hydrolyzed  products  are  less  effective  extractants  by 
a  factor  of  about  tenfold.  Thus,  a  10-20  per  cent 
solution  of  octyl-orthophosphoric  acid  (OPA)  is 
required  for  uranium  recovery  comparable  to  that 
obtained  with  1  to  2  per  cent  octyl-pyrophosnhoric 
acid  (OPPA). 

The  OPPA  solvent  is  prepared  by  the  reaction 
of  octyl  alcohol  with  phosphoric  anhydride.  Since 
the  reaction  is  exothermic,  the  operation  is  best  car- 
ried out  in  the  presence  of  sufficient  kerosene  to 
limit  the  maximum  temperature  reached  to  about 
70°  C.  This  can  be  achieved  by  use  of  about  one  liter 
of  kerosene  per  mole  of  PaO5.  Best  yields  are  ob- 
tained if  the  P2Or,  is  slurried  in  the  kerosene  first 
and  the  alcohol  then  added.  The  reaction  is  complete 
after  about  thirty  minutes. 

The  material  thus  prepared  is  diluted  to  1  to  2 
per  cent  with  kerosene.  The  purpose  of  the  kerosene 
diluent  is  to  lower  the  viscosity  of  the  solution,  thus 
reducing  the  tendency  to  emulsify  when  it  is  mixed 
with  phosphoric  acid.  Other  common  diluents  can  be 
used.  The  choice  of  diluent  has  little  effect  on  the 
resulting  extraction. 

There  is  evidence  that  ions  of  higher  positive 
charge  are  more  highly  extracted  by  the  solvent. 
Thus,  the  extraction  of  uranium  is  greatly  improved 
by  reduction  of  the  solution,  which  forms  tetravalent 
uranium  from  the  hexavalent  form.  Iron,  which  is  a 
major  contaminant,  is  also  reduced  from  the  highly 
extracted  ferric  state  to  the  poorly  extracted  ferrous 
state.  Most  commercial  H3PO4  has  an  emf  of  —240 
to  — 300  mv.  In  this  range,  maximum  extraction  co- 


efficients of  about  10-15  are  found  with  2  per  cent 
OPPA.  If  the  solution  is  reduced  (0  to  —100  mv), 
the  coefficient  is  increased  to  about  200. 

This  is  simply  shown  in  Slide  2  (Fig.  2  of  P/524). 
Because  the  maximum  amount  of  uranium  that  can 
be  extracted  is  limited  by  the  amount  of  extractant 
present,  the  value  of  the  extraction  coefficient  drops 
as  the  concentration  of  uranium  in  the  organic 
increases. 

It  has  been  found  that  the  solution  can  be  reduced 
most  economically  with  scrap  iron.  The  solution  can 
be  contacted  with  the  iron  either  in  a  batchwise  man- 
ner or  continuously  in  a  column.  About  4  grams 
Fe/liter  is  generally  required  for  complete  reduction. 
Reduction  is  needed  only  if  the  emf  is  more  negative 
than  — 300  mv. 

The  OPA  extraction  coefficient  is  adversely 
affected  by  increasing  phosphate  concentration.  The 
coefficient  varies  with  the  inverse  fourth  power  of 
the  phosphate  concentration.  With  OPPA,  the  effect 
of  phosphate  is  smaller.  Extraction  is  also  affected 
by  temperature.  For  example,  the  extraction  co- 
efficient at  50° C  is  only  about  30  per  cent  of  that 
obtained  at  25°C  with  either  OPA  or  OPPA. 

Any  desired  degree  of  extraction  can  be  obtained 
by  proper  adjustment  of  such  operating  factors  as 
concentration  of  OPPA  in  diluent,  feed  ratio  of 
solvent  to  acid,  and  number  of  stages  used  in  the 
extraction.  Increasing  any  of  these  increases  the 
extraction. 

Although  several  types  of  contactors  can  be  used, 
most  of  the  counter-current  experiments  were  done 
with  mixer-settlers.  Mixer-settlers  give  higher  stage 
efficiencies  than  other  types  of  extraction  equipment, 
and  recovery  of  the  solvent  for  further  treatment  is 
simple.  In  a  four-stage  counter-current  mixer-settler 
at  a  10:1  flow-rate  ratio  of  aqueous  to  organic,  2  per 
cent  OPPA  was  required  for  90  per  cent  recovery 
of  uranium  from  unreduced  feed  acid,  but  only  1 
per  cent  OPPA  was  required  for  the  same  recovery 
from  reduced  acid.  These  extractions  were  obtained 
on  acid  containing  about  30  per  cent  P2Os.  About 
five  minutes  of  mixing  time  and  five  minutes  of 
settling  time  were  employed  in  each  stage. 

The  uranium  can  be  precipitated  almost  quantita- 
tively from  OPPA  by  contacting  it  with  about  1 
to  P/2  lb  HF  per  Ib  of  U3O8.  The  HF  is  best  applied 
as  a  48  per  cent  to  60  per  cent  solution.  Higher 
concentration  results  in  excessive  deterioration  of 
the  solvent.  Lower  concentration  causes  emulsion. 
Contact  time  need  be  no  greater  than  fifteen  seconds. 
The  product  thus  obtained  is  a  uranous  fluoride 
containing  about  50  per  cent  U3O8,  with  fluoride, 
phosphate  and  iron  as  the  major  contaminants.  Some 
phosphoric  acids  contain  small  amounts  of  rare 
earths.  These  are  extracted  with  the  uranium  and 
result  in  cakes  containing  about  5  per  cent  rare  earth 
oxides. 

The  HF  partially  hydrolyzes  the  pyrophosphate 
and  reacts  to  some  extent  with  orthophosphates.  For 
OPPA,  a  two-minute  contact  with  HF  lowers  the 
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extraction  coefficient  to  %  its  original  value,  and 
an  18-hour  contact  to  y^  of  its  original  value.  In 
order  to  restore  the  organic  to  its  original  extracting 
ability,  a  make-up  of  50  to  100  per  cent  of  the 
original  amount  of  OPPA  used  is  required,  depend- 
ing on  the  conditions  of  extraction  and  stripping. 
It  appears  that  extraction  after  continued  usage  is 
due  to  both  the  OPPA  and  the  OPA  components. 
The  latter  is  present  because  of  the  decomposition 
of  the  former. 

The  process  for  uranium  recovery  from  H3PO4  as 
I  have  described  it  has  been  investigated  extensively 
in  the  laboratory.  Acids  from  about  twelve  different 
commercial  sources  have  been  tested,  but  no  signifi- 
cant difference  was  noted.  The  laboratory  work  was 
followed  by  pilot-plant  testing.  Finally,  several  full- 
scale  plants  using  this  process  have  been  built. 

Mr.  E.  SVENKE  (Sweden)  presented  paper  P/784. 

Mr.  J.  SHANKAR  (India)  presented  paper  P/871. 

Mr.  P.  VJDEIRA  (Portugal)  presented  paper 
P/977. 

Mr.  R.  G.  THOMAS  (Australia)  presented  paper 
P/986  and  added  in  relation  to  the  fifth  paragraph 
of  that  paper:  This  mineral  was  named  after  Sir 
Edgeworth  David,  and  very  appropriately  so.  He 
was  a  geologist  with  a  wide  range  of  knowledge  of 
many  things,  so  that  this  mineral,  with  its  wide 
range  of  composition,  seems  to  be  very  appropriately 
named.  In  the  sample  in  the  exhibition  here,  it  is 
stated  on  the  label  that  it  is  said  to  contain  the 
ingredients  listed.  I  can  assure  you  that  it  does 
contain  them,  and  in  fact  it  contains  many  more 
which  are  not  listed  on  the  label. 

Mr.  T.  K.  PRENTICE  (South  Africa)  presented 
paper  P/997  as  follows:  With  the  advent  of  this 
atomic  age  and  the  consequent  world-wide  search 
for  uranium,  the  ores  of  the  South  African  gold 
mines  were  investigated,  and  it  was  found  that 
virtually  all  of  the  ores  contained  uranium  in  rela- 
tively small  concentration.  It  was  found  also  that 
the  vast  tonnages  of  gold  metallurgical  plant  residues 
which  are  lying  on  the  surface  and  which  have 
accumulated  over  several  decades  carry  a  somewhat 
similar  uranium  content.  Since  the  rate  of  milling 
of  current  gold  ores  is  of  the  order  of  5,000,000 
tons  per  month,  it  was  soon  realized  that  South 
Africa  possessed  a  large  potential  source  of  uranium. 
Moreover,  this  was  a  source  of  uranium  which  would 
continue,  with  current  gold  mining,  over  very  many 
years. 

Steps  were  immediately  taken  to  determine  whe- 
ther or  not  the  uranium,  existing  in  the  tailings  from 
our  gold  plants,  could  be  recovered  on  an  economic 
basis. 

Various  methods  for  the  dissolution  of  the  urani- 
um from  these  tailings  were  investigated,  including 
alkali  leaching,  and  sulfuric  acid  leaching,  and  it 
was  decided  that  the  best  results  could  be  obtained 
with  sulfuric  acid  leaching  in  the  presence  of  an 
oxidizing  agent. 

Prior  beneficiation  of  the  tailings  by  means  of 


gravity  and  flotation  concentration  was  investigated 
for  the  purpose  of  reducing  the  tonnage  to  be 
leached  with  sulfuric  acid,  and  it  was  found  that 
by  means  of  flotation  concentration  it  was  possible 
to  recover  uranium  at  a  much  lower  cost  per  pound 
but  with  a  considerable  reduction  in  the  over-all 
percentage  recovery.  However,  maximum  output 
in  the  shortest  possible  time  was  the  overriding  issue 
at  that  time,  and  it  was  therefore  decided  to  adopt 
the  procedure  of  submitting  the  total  ore  to  an  acid 
leach  under  oxidizing  conditions. 

Having  decided  upon  the  method  of  dissolving 
the  uranium,  the  next  question  was  how  to  separate 
the  uranium-bearing  solution  from  the  treated  slime. 
Consideration  was  given  to  countercurrcnt  decanta- 
tion,  but  it  was  decided  to  use  rotary  vacuum  filters 
with  which  considerable  experience  had  already  been 
gained  in  the  gold  reduction  plants.  It  was  found, 
however,  that  the  slime,  which  for  gold  recovery 
purposes  is  usually  ground  to  over  70  per  cent  —  200 
linear  mesh,  was  difficult  to  filter  after  agitation  with 
sulfuric  acid  solution,  and  it  became  necessary,  as 
stated  in  the  paper,  to  resort  to  a  filtration-aid  in 
the  form  of  animal  glue.  It  was  found  also  that  to 
obtain  a  satisfactory  separation  of  the  uranium  solu- 
tion from  the  treated  solids,  it  was  necessary  to 
adopt  a  primary  and  a  secondary  filtration  step.  In 
this  system,  the  slime  from  the  primary  acid  filters 
is  repulpecl  with  a  very  dilute  acid  solution  virtually 
free  of  uranium  and  refiltered ;  the  residue  cake 
therefrom  is  discharged  to  waste  and  the  filtrate 
solution  is  used  to  repulp  the  slime  entering  the 
uranium  plant,  and  as  the  wash  on  the  primary  acid 
filters. 

Consideration  was  then  given  to  the  method  to  be 
adopted  for  the  recovery  of  the  uranium  from  the 
filtrate  from  the  primary  acid  filters.  Chemical  meth- 
ods of  precipitation  were  tested  and  one  of  these 
methods  might  have  been  adopted  but  for  the  advent 
of  the  application  of  ion-exchange  to  uranium  solu- 
tions in  1950.  The  latter  method  was  then  tested  and, 
although  not  much  was  known  about  it  at  the  time, 
it  gave  sufficient  promise  to  justify  its  adoption.  At 
that  time  we  were  unaware  of  the  tributyl  phosphate 
solvent  process  which  is  being  demonstrated  at  this 
Conference  in  the  American  exhibit. 

In  a  few  words,  then,  the  process  of  uranium 
recovery  upon  which  we  decided  comprises  a  single 
acid  leach  followed  by  two-stage  filtration,  and  the 
application  of  ion-exchange  for  the  recovery  of  the 
uranium  from  the  acid  solution. 

Having  proof  that  we  had  a  reasonably  satisfac- 
tory process  for  the  recovery  of  uranium  from  South 
African  gold  ores,  we  were  in  a  position  to  negotiate 
a  contract  for  the  sale  of  uranium,  and  this  contract 
was  entered  into  at  the  end  of  1950  on  the  basis 
referred  to  in  the  paper. 

The  terms  of  the  contract  preclude  me  from  giving 
details  of  grade  of  ore  treated  and  details  of  the 
extraction  process,  but  in  the  paper  we  have  de- 
scribed the  metallurgical  flow-sheet  as  far  as  we  were 
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permitted.  I  have  no  doubt  that  as  a  result  of  this 
Conference  the  restriction  to  which  I  have  referred 
will  soon  be  removed,  and  we  will  then  take  steps  to 
publish  in  an  appropriate  technical  journal  a  full 
description  of  our  process,  together  with  recovery 
statistics. 

Having  a  signed  contract  for  the  disposal  of  our 
uranium  output,  we  were  then  faced  with  the  instal- 
lation of  several  relatively  large  uranium  plants  at 
a  time  which  coincided  with  a  period  of  remarkable 
mining  and  industrial  activity  in  South  Africa  and, 
when  account  is  taken  of  the  fact  that  the  recovery 
plants  had  to  be  constructed  almost  throughout  with 
acid  corrosion-resisting  material,  we  believe  it  was 
no  mean  achievement  to  have  the  first  plant  in  full 
operation  by  October,  1952.  Other  plants  came  into 
production  soon  afterwards  and  we  have  now  twelve 
large  recovery  plants  in  production  and  will  have 
three  more  in  production  by  the  middle  of  1956.  The 
average  cost  of  a  plant  with  a  capacity  of  100,000 
tons  of  ore  per  month  is  about  £3,000,000. 

These  plants  were  installed  on  those  mines  which 
promised  the  best  economic  recovery  of  uranium  and, 
of  course,  much  of  the  ore  at  present  being  milled 
in  our  gold  plants  is  not  being  treated  for  uranium 
recovery.  Whether  or  not  more  plants  will  be  in- 
stalled will  depend  upon  the  demand  for  uranium. 

When  we  decided  upon  uranium  recovery  there 
was  virtually  no  excess  sulfuric  acid  available  in 
South  Africa  for  this  new  industry,  and  it  has  been 
necessary  to  build  seven  large  contact-acid  plants 
with  an  over-all  daily  capacity  of  1340  tons  of  sul- 
furic acid.  The  combined  cost  of  these  plants  is  of 
the  order  of  £7,000,000.  Nor  was  there  a  source 
of  sulfur  for  these  acid  plants,  but  we  were  fortunate 
in  that  the  gold  ores  contain,  in  many  cases,  sufficient 
pyrite  of  the  order  of  2  to  5  per  cent  FeS2  to  render 
its  recovery  by  flotation  economically  justifiable. 
Pyrite  flotation  plants  of  an  aggregate  cost  of  about 
£2,000,000  were  therefore  installed,  and  all  of  the 
pyrite  required  for  acid  production  for  the  uranium 
industry  is  being,  or  will  be,  obtained  from  the  treat- 
ment of  gold  ores. 

We  were  fortunate,  too,  in  that  we  had  a  supply 
of  manganese  ore  not  far  from  our  uranium  plants. 
Initially  we  thought  that  the  manganese  ore  reserves 
would  be  inadequate  to  meet  the  requirements  of  the 
uranium  industry  and  we  therefore  installed,  with 
each  uranium  plant,  a  subsidiary  plant  for  the  recov- 
ery of  manganese  dioxide  from  the  waste  solutions 
as  described  in  the  paper.  These  have  not  given  as 
good  a  recovery  of  manganese  dioxide  as  was  ex- 
pected, but  it  now  appears  that  the  supply  of  new 
manganese  ore  will  be  adequate  to  meet  our  require- 
ments. 

Our  uranium  plants  are  giving  a  performance  close 
to  that  predicted  from  initial  pilot  plant  investiga- 
tions, and  very  few  teething  troubles  have  been 
experienced.  It  was  found  that,  whereas  relatively 
coarse  particles  of  sand  can  easily  be  held  in  suspen- 
sion in  an  alkaline  pulp  of  a  ratio  of  one  of  solution 


to  one  of  solids,  these  particles  settled  rapidly  in 
an  acid  pulp  of  the  same  liquid  to  solid  ratio.  This 
necessitated  the  speeding  up  of  the  agitation  rakes 
on  the  rotary  filters,  and  this  difficulty  was  soon 
overcome. 

We  have  found  also  that,  whereas  we  normally 
treat  the  slime  at  atmospheric  temperature,  improved 
dissolution  is  obtained  by  increasing  the  temperature 
by  injecting  steam  into  the  pulp*  agitators.  It  has 
been  found  that  the  addition  of  the  steam  does  not, 
as  one  might  expect,  materially  dilute  the  pulp  under 
agitation. 

We  have  to  ensure  that  all  of  our  effluent  solutions 
are  adequately  neutralized  before  being  discharged 
to  waste.  For  this  purpose  lirne  is  used. 

We  have  obtained  material  benefit  from  the  prior 
filtration  of  the  alkaline  slime  as  it  leaves  the  gold 
plant  before  passing  the  de-watered  slime  into  the 
uranium  plant  because  this  has  considerably  lessened 
the  trouble  we  otherwise  would  have  experienced  in 
the  ion-exchange  columns  due  to  the  presence  of 
cobalticyanide  in  the  gold  residue  solutions. 

DISCUSSION  OF  P/519,  P/2,  P/339,  P/521, 
P/524,  P/784,  P/871,  P/977,  P/986,  P/977 

The  CHAIRMAN  :  The  first  question  has  been  put 
by  Mr.  D.  N.  Wadia  (India)  :  "Do  I  understand 
that  the  ordinary  beneficiation  practices  in  ore  dress- 
ing are  now  given  second  place  in  the  treatment  and 
concentration  of  uranium  ores?" 

T  think  the  answer  is  in  the  fifth  paragraph  of  Mr. 
Marvin's  paper,  where  we  find : 

"in  summary  only  a  few  ores  being  processed  for 
uranium  have  been  found  amenable  to  physical  bene- 
ficiation techniques.  However,  we  have  no  reason 
to  believe  that  physical  beneficiation  is  not  an  eco- 
nomic possibility  and  we  are  continuing  our  efforts  to 
develop  commercially  attractive  techniques." 

Does  this  reply  satisfy  Mr.  Wadia? 

Mr.  WADIA  (India)  :  Yes.  Thank  you. 

The  CHAIRMAN:  Mr.  Videira  (Portugal)  asks  of 
Mr.  Thunaes  (Canada)  :  "What  is  the  U3O8  con- 
tent of  the  concentrates  obtained  by  direct  precipita- 
tion with  magnesia?" 

Mr.  THUNAES  (Canada):  The  U3O8  concentrate 
obtained  by  direct  precipitation  will  vary  a  great  deal 
depending  on  the  type  of  ore.  If  you  have  a  very 
siliceous  ore  you  will  get  a  high-grade  precipitate; 
you  may  get  10  to  15  per  cent.  For  other  ores  it  may 
be  as  low  as  2  to  3  per  cent. 

The  CHAIRMAN  :  I  would  now  like  to  ask  Mr. 
Thunaes  a  question  myself:  What  is  the  ratio  of 
thorium  to  uranium  in  the  Bancroft  ores  containing 
uranothorite  ? 

Mr.  THUNAES  (Canada) :  In  the  Bancroft  ores 
the  ratio  varies  somewhat.  I  suppose  the  ratio  may 
be  of  the  order  of  1  thorium  to  5  uranium  for  the 
over-all  ore,  but  the  ores  contain  uraninite  as  well 
as  uranothorite.  However,  I  am  not  certain  of  the 
exact  composition  of  the  mineral. 
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The  CHAIRMAN  :  This  question  is  of  much  interest 
to  us  in  France,  as  we  are  now  treating  an  ore  from 
Madagascar,  uranothorianite,  which  contains  about 
seven  parts  of  thorium  to  one  of  uranium.  This  ore 
is  almost  pure  thorium  oxide  with  uranium  oxide  as 
the  main  impurity. 

And  now  here  is  a  question  asked  by  Mr.  Roques 
(France)  :  "Why  did  you  abandon  gravity  concen- 
tration at  Port  Radium?" 

Mr.  THUNAES:  (Canada):  The  gravity  concen- 
trates at  Port  Radium  are  still  being  maintained  on 
a  small  scale.  The  ore  from  the  mine  is  still  being 
treated  by  jigs.  The  tailing  from  this  jig  concen- 
tration goes  to  the  jig  plant  along  with  reclaimed 
tailings  from  previous  concentrates. 

The  CHAIRMAN:  Mr.  Roques  has  also  submitted 
the  following  question :  "Has  any  attempt  been  made 
to  use  the  flotation  method  at  Port  Radium?" 

Mr.  THUNAES:  (Canada)  :  Yes,  we  tried  for  some 
time  in  the  early  stages  of  our  research  to  float 
the  Port  Radium  ore;  however,  we  have  not  been 
successful. 

The  CHAIRMAN:  The  third  question  of  Mr. 
Roques  deals  with  details  of  this  flotation.  If  you 
have  not  been  successful,  however,  I  will  not  put 
the  question. 

Several  questions  have  been  submitted  by  Mr.  J. 
Mabile  (France),  and  I  will  begin  by  reading  the 
first  of  them:  "Is  the  Lapointe  process  of  electronic 
concentration  widely  used?" 

Mr.  THUNAES  (Canada)  :  No.  The  picker-belt, 
as  we  call  the  electronic  concentration  method,  is 
not  used  on  a  commercial  scale.  We  have  run  a  great 
many  pilot  plants  on  this  method,  but  so  far  it  has 
not  been  used  on  a  large  scale. 

The  CHAIRMAN:  Now  here  is  Mr.  Mabile's  sec- 
ond question :  "Does  this  process  use  scintillometers 
or  Geiger  counters?" 

Mr.  THUNAES  (Canada)  :  You  can  use  either 
scintillometers  or  Geiger  counters. 

The  CHAIRMAN  :  I  feel  that  we  could  pass  over 
the  next  two  questions  as  they  refer  to  the  industrial 
application  of  the  process,  and  Mr.  Thunaes  has  just 
told  us  that  there  is  no  practical  application  in  indus- 
try. Mr.  Mabile  asked  what  was  the  concentration 
obtained  industrially  as  a  function  of  the  size  of 
the  grains,  but  I  do  not  think  it  is  used  industrially. 

Mr.  THUNAES  (Canada)  :  I  believe  that  the  ques- 
tion concerns  the  various  grades  of  reject  at  various 
sizes.  The  reject  assay  will  generally  be  found  to  be 
higher  for  the  lower  sizes,  say  1  inch,  compared  to 
the  3,  4  and  6-inch  sizes.  Normally,  in  most  ores, 
they  are  of  the  order  of  0.02  per  cent  to  0.03  per 
cent  UaO8  in  the  rejected  waste  product. 

The  CHAIRMAN  :  Mr.  Mabile  has  another  question 
on  the  Lapointe  process.  He  asks  how  it  compares 
with  classical  methods  of  preconcentration,  from  the 
point  of  view  both  of  capital  required  and  of  cost 
of  production. 


Mr.  THUNAES  (Canada)  :  I  am  afraid  that  is  a 
very  large  question  to  answer  in  a  few  words.  There 
is  a  limitation  on  electronic  sorting.  You  can  only 
reject  about  30-40  per  cent  of  the  ore.  You  can 
usually  make  a  much  better  ratio  of  concentration 
by  heavy  media  separation.  We  do  not  know  the 
actual  cost  of  electronic  sorting  because  we  have 
not  used  it  on  a  large  scale.  We  have  only  estimates ; 
they  will  not  be  of  much  use.  We  believe  it  might  be 
somewhat  cheaper  than  heavy  media  separation. 

The  CHAIRMAN  :  I  am  now  going  to  reply  myself 
to  questions  that  Mr.  Videira  asked  of  Mr.  Mouret. 
The  first  question  is:  "Is  the  process  applicable 
economically  to  0.5  per  cent  free  U3O8,  or  more?" 
The  answer  is  that  we  are  employing  this  process 
economically  with  ores  with  a  content  of  less  than 
%  per  cent;  we  could  therefore  use  it  still  more 
economically  with  ores  having  a  concentration  of 
more  than  half  of  one  per  cent. 

The  second  question  is :  "Does  the  aluminum  pre- 
cipitate in  the  precipitate?" 

We  get  very  little  aluminum  carried  in  the  uranyl 
phosphate. 

There  is  also  the  following  question  put  by  Mr. 
Mouret  to  Mr.  Marvin:  "In  the  extraction  of  urani- 
um by  ion-exchange  in  the  presence  of  resin,  what  is 
the  grain  size  of  the  ore  and  of  the  resin  and  what 
is  the  consumption  of  resin  per  ton  of  ore  treated?" 

Mr.  MARVIN  (USA)  :  I  think  that  question  can 
best  be  answered  by  referring  to  paper  P/S26,  the 
resin  process  for  the  recovery  of  uranium.  It  is  a 
lengthy  paper  of  25  pages,  and  I  believe  it  covers 
what  you  wish  to  know.  It  is  not  discussed  here,  and 
I  do  not  think  I  can  give  you  actual  figures  off-hand, 
but  I  can  give  approximate  figures  if  you  would  like 
those.  I  believe  it  is  in  the  paper. 

The  CHAIRMAN  :  Here  is  another  question  for  Mr. 
Marvin,  this  time  from  Mr.  S.  V.  Guedes  (Brazil)  : 
"Is  any  process  being  applied  to  treat  the  complex 
ores  containing  pyrochlore  minerals?" 

Mr.  MARVIN  (USA) :  We  have  investigated  only 
on  a  very  small  scale  some  pyrochlore  from  Africa. 
It  was  of  very  low  grade.  The  English  at  Teddington 
have  done  more  work  on  it  than  we  have.  It  has 
been  dropped  because  it  did  not  appear  to  be  feasible. 
I  have  no  positive  or  encouraging  results  on  the 
pyrochlore  minerals. 

Mr.  F.  A.  FORWARD  (Canada)  :  Perhaps  I  might 
say  a  word  or  two  about  two  aspects  of  the  discussion 
this  afternoon.  One  matter  was  mentioned  by  several 
authors:  Mr.  Marvin,  Mr.  Grinstead  (P/522)  and 
Mr.  Shankar  in  connection  with  the  precipitation  of 
uranium  from  carbonate  solutions  using  hydrogen. 
I  think  it  might  be  interesting  to  remark  that  that 
has  been  carried  out  on  a  pilot  plant  scale  in  a  plant 
treating  about  half  a  ton  to  one  ton  a  day  of  uranium 
ore,  and  the  conditions  of  operation  were  very  much 
easier  to  set  up  than  has  been  indicated  or  than  most 
people  have  thought  of.  My  recollection  is  that  the 
precipitation  was  carried  out  very  readily  from  ura- 
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nium  solutions  containing  about  one  gram  per  liter 
of  uranium  at  120°  C  with  approximately  8-9  atmos- 
pheres of  hydrogen  pressure,  a  total  pressure  of 
about  10  atmospheres.  An  advantage  of  course  was 
that  it  was  possible  to  strip  the  uranium  completely 
from  the  carbonate  solution  in  a  very  short  time, 
and  the  variable  that  governed  the  rate  of  precipita- 
tion was  really  the  amount  and  kind  of  nickel  catalyst 
used  rather  than  temperature  or  pressure  or  any  of 
the  other  factors. 

The  second  point  I  wish  to  say  a  word  about  is  in 
reference  to  the  paper  presented  by  Mr.  Thomas 
describing  the  acid  pressure  leaching  of  uranium 
from  ores.  The  impression  was  left  from  reading 
the  paper,  I  think,  that  it  is  necessary  to  use  oxygen 
at  very  high  pressures — the  figure  of  about  500  psi 
was  given — to  extract  uranium  from  ores  and  to 
effect  the  oxidation  of  the  pyrite.  The  fact  of  the 
matter  is  that  it  is  not  necessary  to  do  that  at  all. 
The  work  that  has  been  carried  out  actually  again 
in  a  pilot  plant  dealing  with  about  half  a  ton  to  one 
ton  a  day  shows  that  it  is  quite  unnecessary  to  use 
high  pressures,  but  that  oxygen  pressures  of  the 
order  of  10  psi,  which  is  about  one  atmosphere 
oxygen  pressure,  or  if  we  include  the  nitrogen  in 
the  air,  five  atmospheres  of  compressed  air  permit 
this  operation  to  be  carried  out;  and  that  tempera- 
tures of  the  order  of  140°C  to  150°C  are  quite  high 
enough.  That  means  the  total  pressure  necessary  to 
operate  such  a  process  is  under  ten  atmospheres, 
and  hence  well  within  the  range  of  ordinary  com- 
mercial equipment.  I  think  perhaps  what  Mr.  Gray 
has  done  is  to  mistake  the  effect  of  agitation — which 
is  extremely  important — as  he  has  used  a  small 
rocking  autoclave.  If  you  use  another  type  of  agita- 
tion in  the  autoclave,  the  pressures  come  down  and 
the  operation  is  much  more  easily  carried  out. 

Mr.  B.  TEZAK  (Yugoslavia)  :  I  would  like  to 
make  some  comments  on  papers  where  the  question 
of  precipitation  is  mentioned.  My  remarks  concern 
the  effectiveness  of  the  chemical  precipitation  tech- 
nique for  the  recovery  of  uranium  from  digest 
liquors.  Besides  various  conditions  which  have  been 
mentioned  and  which  should  be  taken  into  account 
for  the  effective  chemical  precipitation,  the  role  of 
the  concentration  of  the  precipitating  components, 
as  well  as  the  influence  of  the  various  salts  in  the 


liquor — it  may  be  neutral  salts  present  in  the  liquor 
— are  very  important.  Especially  is  this  so  when 
the  problem  of  precipitation  components  in  low  con- 
centration is  encountered.  If  the  Chairman  would 
allow  me,  I  would  like  to  show  some  slides  where 
such  effects  are  illustrated. 

In  Slide  1  (See  Fig.  1  of  P/991,  Session  10B.3, 
Volume  7,  these  Proceedings)  we  have  a  precipita- 
tion system  of  uranyl  nitrate  1  X  10~2  N.  On  the 
abscissa  we  have  a  logarithm  of  the  concentration 
of  sodium  hydroxide.  You  can  see,  if  we  have  such 
a  concentration  of  uranyl  nitrate,  that  is  about  one 
gram  of  uranium  per  litre,  we  may  obtain  the  pre- 
cipitation with  the  concentration  of  sodium  hydrox- 
ide higher  than  about  1  X  lO"1  N. 

In  Slide  2  (Fig.  10  of  P/991)  we  have  a  similar 
diagram  where  the  tyndallometric  values  are  given 
as  ordinates;  the  tyndallometric  curve  presents  the 
amount  of  the  precipitate  formed.  The  abscissa  gives 
the  concentrations  of  the  ammonium  carbonate  and 
it  can  be  seen  that  by  changing  the  concentration  of 
the  carbonate  a  very  significant  maximum  is  ob- 
tained. By  following  the  concentration  of  the  urani- 
um contained  in  the  liquor,  you  will  see  that  it  cor- 
responds to  the  maximum.  This  curve  shows  the 
percentage  of  the  uranium  in  the  mother  liquor  and 
in  maximum  about  20%  is  left  in  the  solution 

Slide  3  (Fig.  12  of  P/991)  shows  that  the  effect 
of  neutral  salts  is  very  great.  With  concentrations 
of  sodium  nitrate  higher  than  1  X  10"1  N  we  have 
precipitation.  A  similar  but  more  effective  influence 
of  magnesium,  calcium,  barium,  and  lanthanum 
should  be  noted. 

The  critical  relationship  in  the  system  of  uranyl 
nitrate-barium  chloride-sodium  carbonate  compon- 
ents is  given  in  Slide  4  (Fig.  13  of  P/991). 

The  CHAIRMAN  :  I  have  a  feeling  that  this  is  not 
entirely  relevant  to  the  subject  with  which  we  are 
dealing  today.  It  has  more  to  do  with  the  analysis 
questions  which  we  shall  be  discussing  tomorrow. 

Mr.  TEZAK  (Yugoslavia)  :  Yes,  but  it  is  very 
important  also  to  have  in  mind  all  similar  relation- 
ships when  one  is  dealing  with  various  ores  and 
various  concentrations  of  critical  components.  With 
small  concentrations  it  is  doubtless  preferable  to 
work  in  the  regions  of  the  precipitation  maximum 
mention.  More  details  may  be  found  in  paper  P/991. 
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Production  of  Uranium  Metal 


By  L  Grainger/   UK 

The  bulk  supplies  of  uranium  required  for  the 
British  atomic  energy  project  have  been  produced 
at  the  Springfielcls  Works  near  Preston,  Lancashire, 
first  under  the  Ministry  of  Supply,  and  more 
recently  under  the  United  Kingdom  Atomic  Energy 
Authority.  When  the  Production  Division  of  the 
Department  of  Atomic  Energy  was  set  up  in  Feb- 
ruary, 1946,  it  had  the  two  primary  objectives  of 
designing  and  constructing  BEPO  and  of  pro- 
ducing plutonium.  It  was  clear  that  the  construction 
of  a  complete  factory  for  manufacturing  uranium 
metal  from  ore  was  extremely  urgent. 

At  this  time  some  work  had  been  carried  out  by 
I.C.I.,  under  contract,  to  develop  methods  for  pro- 
ducing metal  from  pure  uranium  oxide,  which  was 
then  available  from  the  United  States  and  this  work 
was  approaching  completion.  No  development  of 
the  processes  to  convert  virgin  ores  to  pure  uranium 
oxide  had  been  carried  out,  however,  and  it  was 
now  necessary  to  provide  for  these  stages  also. 

Although  a  basically  simple  process  was  finally 
selected,  the  urgency  of  the  project  and  the  special 
difficulties  strongly  influenced  the  choice  of  process 
and  the  detailed  implementation.  In  the  first  place, 
since  it  was  desirable  not  to  spend  time  developing 
a  new  site,  an  existing  wartime  chemical  factory 
was  selected.  This  enabled  much  effort  to  be  spared 
from  the  construction  of  road  and  rail  connections, 
workshops,  stores  and  services  and,  in  fact,  by  the 
exercise  of  some  ingenuity  it  was  found  possible  to 
house  many  of  the  processes  for  uranium  manu- 
facture in  buildings  previously  used  for  other  chem- 
ical processes. 

A  grave  difficulty  which  existed  was  that  only 
a  modest  amount  of  technical  information  was 
available  on  the  processes  selected,  and  this  mainly 
on  the  laboratory  scale  only.  Time  was  too  short 
to  await  further  research  work  on  these  processes 
and  their  development  on  a  semi-technical  scale  and 
it  was  decided  to  proceed  immediately  to  the  design 
and  construction  of  the  full-scale  plant  without 
intermediate  development  work.  The  shortage  of 
research  and  chemical  engineering  information  had 
one  important  effect  on  the  design  of  the  factory. 
It  is  much  more  difficult  to  scale  up  from  labora- 
tory bench  work  to  a  continuous  process  on  the 
industrial  scale  than  it  is  to  scale  up  to  a  batch 
industrial  process.  For  this  reason  batch  processes 
were  adopted  in  most  stages  in  the  design  of  the 
Springfields  Factory. 

*  United  Kingdom  Atomic  Energy  Authority,  Risley. 


A  third  difficulty  was  that  the  purity  of  the  final 
product  had  to  be  far  higher  than  is  usual  in  indus- 
trial chemical  processes.  This  demand  for  high 
purity  had  to  be  met  by  a  very  careful  consideration 
of  the  specification  for  the  reagents  to  be  used  in  the 
manufacturing  process,  and  by  equally  careful  con- 
sideration of  the  properties  of  the  materials  used  in 
construction  of  plant  and  equipment,  to  ensure  that 
they  did  not  give  rise  to  pollution. 

The  last  and  perhaps  the  most  important  difficulty 
lay  in  the  fact  that  never  before  had  a  factory  been 
built  in  the  United  Kingdom  in  which  radioactive 
material  would  be  handled  on  the  scale  of  several 
hundred  tons  a  year.  There  was  at  that  time  little 
experience  available  to  British  industrial  medical 
officers  to  enable  them  to  give  guidance  in  the  design 
of  the  plant.  It  was  necessary,  however,  for  them 
to  specify,  amongst  other  matters,  the  conditions 
under  which  massive  uranium  could  be  handled  and 
a  tolerance  for  uranium  dust  in  the  atmosphere.  It 
is  now  clear  that  the  tolerances  then  properly  set 
were  very  much  on  the  safe  side,  but  they  strongly 
influenced  plant  design  and  operation  since  the  fig- 
ures stipulated  could  be  met  only  by  exercising  the 
greatest  care.  It  was  decided,  for  example,  to  carry 
out  as  many  operations  as  possible  in  the  wet ;  where 
dry  salts  had  to  be  handled  special  cabinets  or  ven- 
tilation were  provided. 

EXISTING  PROCESS 

In  outline,  the  process  used  at  Springfields  for 
the  manufacture  of  uranium  metal  is  first  to  crush 
the  ore  and  to  dissolve  this  in  mixed  sulphuric  and 
nitric  acids.  The  solution  is  filtered  to  remove  im- 
purities and  the  uranium  is  precipitated  as  a  crude 
peroxide.  This  peroxide  is  redissolved  in  nitric  acid 
and  passed  through  a  solvent  extraction  process  to 
remove  the  remaining  impurities.  The  purified  mate- 
rial is  precipitated  as  ammonium  diuranate  and  con- 
verted into  uranium  tetrafluoride,  which  is  reduced 
to  the  metallic  form. 

Ore  Crushing  and  Sampling 

The  ore,  consisting  of  fine  powder,  granular  mate- 
rial, or  lumps  up  to  8  in.  in  diameter,  arrives  in 
drums  and  contains  a  certain  amount  of  radium  and 
radon.  Any  radon  released  on  opening  the  drum  is 
taken  up  and  discharged  from  the  stack  of  the  ven- 
tilation system.  The  ore  is  tipped  into  a  hopper  and 
fed  to  a  jaw  crusher.  The  discharge  from  this  passes 
to  a  screen,  oversize  material  being  fed  to  a  cone 
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crusher  and  returned  to  the  screen  after  reduction 
to  about  l/4~m.  mesh. 

Sampling  of  the  ore  is  a  matter  of  great  impor- 
tance because  the  price  paid  is  based  on  assay.  The 
sample  is  taken  by  feeding  the  crushed  ore  to  a  series 
of  four  Vezin  samplers  which  continuously  remove 
a  proportion  of  the  feed.  The  final  sample  is  pul- 
verised in  a  disc  grinder  and  emerges  as  80  British 
Standard  mesh  material.  It  is  then  coned  and  quar- 
tered to  give  a  number  of  samples  for  distribution  to 
buyers'  and  sellers'  representatives  for  analysis. 

The  whole  of  this  crushing  and  sampling  process 
is  done  in  plant  which  is  not  approached  while  it  is 
in  operation.  Ventilation  of  the  plant  is  achieved  by 
two  powerful  fans  which  draw  air  from  numerous 
points  through  cyclone  dust  separators  and  discharge 
through  an  air  scrubber  to  a  high  level  stack.  The 
air  scrubber  is  sprayed  with  water  circulating  in  a 
closed  system ;  dust  removed  from  the  ventilation 
system  is  recovered  from  a  labyrinth,  drummed  and 
returned  to  store. 

Extraction 

The  crushed  ore  is  slurried  with  water,  reduced  to 
about  30  mesh  in  a  ball  mill  and  discharged  into  a 
stirred  stock  tank.  The  slurry  is  fed  at  a  controlled 
rate  to  the  first  of  three  cascade  dissolvers,  stainless 
steel  tanks  fitted  with  stirrers,  to  which  nitric  and 
sulphuric  acids  are  added  continuously  according  to 
the  uranium  content  of  the  slurry.  Heating  is  by 
live  steam,  and  radon  and  acid  fumes  are  efficiently 
extracted.  The  slurry  overflows  from  the  first  to 
the  second  dissolver,  which  is  also  heated,  and  barium 
nitrate  solution  is  then  added  to  form  insoluble 
barium  sulphate  and  co-precipitate  the  radium  pres- 
ent as  sulphate.  The  mixture  then  overflows  to  the 
third  dissolver  where  it  is  cooled  by  a  cold  water  coil, 
causing  further  separation  of  insoluble  sulphates. 
It  is  then  pumped  to  filter  presses  which  retain  all 
insoluble  materials,  including  the  radium  and  pre- 
cious metals. 

Purification 

The  uranium  in  the  clear  liquor  from  the  presses 
is  next  precipitated  as  uranium  peroxide  by  the 
addition  of  hydrogen  peroxide  under  carefully  con- 
trolled conditions  of  acidity  and  temperature  and  is 
removed  from  the  solution  by  filter  pressing. 

The  crude  oxide  is  re-dissolved  in  warm  nitric 
acid  to  form  uranyl  nitrate  solution.  The  final  free 
acidity  and  specific  gravity  of  the  solution  are  care- 
fully adjusted  within  prescribed  limits,  and  the 
solution  is  then  evaporated  under  reduced  pressure 
until  it  reaches  the  composition  of  uranyl  nitrate 
hexahydrate. 

The  molten  concentrate  is  then  pressure  filtered 
through  fine  gauze  to  take  out  some  of  the  impurities, 
and  further  purified  by  a  single-stage  ether  extrac- 
tion. The  majority  of  the  uranium  is  dissolved  in  the 
ether,  while  the  bulk  of  the  impurities  remain  in  the 
aqueous  layer  which  falls  to  the  bottom  of  the  extrac- 
tor and  is  run  off  continuously  to  stock  tanks.  The 


ether  layer  is  then  washed  with  a  small  amount  of 
warm  demineralised  water  to  remove  most  of  the 
remaining  impurities,  and  finally  treated  with  a  large 
volume  of  cold  demineralised  water  to  wash  back  the 
uranium  into  aqueous  solution. 

Preparation  of  Uranium  Tetrafluoride 

The  pure  uranyl  nitrate  solution  from  the  ether 
purification  plant  is  treated  with  ammonia  to  pre- 
cipitate ammonium  diuranate.  The  yellow  precipitate 
is  washed  with  water  in  the  precipitator  and  dropped 
on  to  a  Nutsch  filter.  Vacuum  is  applied  under  the 
cloths,  producing  a  semi-dried  cake  which  is  filled 
into  trays  for  use  in  the  "Dryway"  plant. 

It  should  be  noted  that  at  this  stage  the  uranium 
reaches  its  highest  purity.  Up  to  this  point  in  the 
process  impurities  have  been  progressively  removed 
from  it;  after  this  stage  it  inevitably  picks  up  some 
impurities  from  the  plant  and  apparatus  with  which 
it  makes  contact. 

The  next  stage  is  the  conversion  of  the  ammonium 
diuranate  to  uranium  tetrafluoride,  a  series  of  oper- 
ations which  is  carried  out  in  the  "Dry way"  plant. 
Trays  containing  the  ammonium  diuranate  paste  are 
stacked  in  a  cylindrical  reactor  so  that  reactant  gases 
which  are  introduced  can  pass  from  tray  to  tray 
across  the  surface  of  the  contained  solid.  The  reactor 
is  lowered  into  an  electric  furnace,  and  the  con- 
version proceeds  in  three  stages.  The  diuranate  is 
first  heated  to  decompose  it  to  uranium  trioxidc; 
during  this  calcination  ammonia  and  steam  are  driven 
off.  The  trioxide  is  then  reduced  to  dioxide  by 
hydrogen,  and  finally  the  dioxide  is  treated  with 
anhydrous  hydrofluoric  acid  gas  to  convert  it  to  ura- 
nium tetrafluoride.  All  these  reactions  are  carried 
out  in  the  same  reactor  which  has  a  series  of  con- 
nections to  the  hydrogen  and  hydrofluoric  acid  sup- 
plies and  to  a  caustic  scrubber  where  effluent  gases 
are  either  absorbed  or  discharged  to  atmosphere  if 
harmless. 

Reduction  to  Metal 

The  final  step  is  the  reduction  of  the  tetrafluoride 
with  metallic  calcium.  The  uranium  tetrafluoride  is 
transported  in  drums  to  the  reduction  plant  and 
calcium  chips  are  added,  the  operations  being  car- 
ried out  in  an  enclosed  cabinet.  The  contents  are 
mixed  under  an  argon  blanket  by  rumbling  the  drum 
and  finally  charged  into  the  reduction  mould.  This 
consists  of  a  mild  steel  casing  resembling  an  inverted, 
truncated  cone.  It  is  lined  with  calcium  fluoride 
which  has  been  rammed  round  a  wooden  former 
and  carefully  dried.  The  mould  is  mounted  on  a 
bogey  running  on  a  light  rail  track  which  passes 
through  a  long  drying  oven,  through  a  charging 
cubicle,  into  a  firing  chamber,  and  out  again  into 
a  cooling  bay. 

The  charged  mould  is  moved  forward  into  the 
firing  chamber,  and  vertical,  electrically  operated 
doors  lowered  into  position.  The  charge  is  fired  by 
dropping  into  it  an  ignited  pellet  of  potassium  nitrate 
and  lactose  mixture.  An  elaborate  system  of  inter- 
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locking  controls  ensures  that  the  charge  is  only 
fired  when  observing  full  safety  precautions. 

The  reaction  in  the  mould  is  rapid  and  exothermic. 
The  heat  generated  melts  the  uranium  formed  so 
that  the  metal  runs  down  to  the  bottom  of  the  mould 
where  it  forms  a  solid  billet,  while  the  calcium 
fluoride,  which  is  the  other  product  of  the  reaction, 
floats  on  top  as  a  slag. 

When  the  reaction  is  complete,  the  mould  is  moved 
forward  by  remote  control  into  the  cooling  bay.  After 
cooling,  the  mould  is  hoisted  into  a  breakdown  cubi- 
cle where  it  is  inverted  over  a  grid  so  that  both  the 
uranium  billet  and  the  calcium  fluoride  slag  and 
mould  lining  fall  out  of  the  mould.  The  billet  is 
finally  cleaned  and  washed. 

Recovery  Stages 

From  all  the  wet  processes  effluent  liquors  arise 
and  pass  into  a  recovery  section.  To  this  section  are 
also  sent  various  solid  residues  from  later  stages  in 
the  process.  The  recovery  of  uranium  from  these 
effluents  and  residues  forms  an  essential  part  of  the 
whole  process,  and  governs  the  over-all  efficiency. 
The  basis  of  all  the  recovery  processes  is  to  convert 
the  uranium  present  in  the  material  to  uranyl  nitrate, 
if  not  already  present  in  that  form.  The  uranium  is 
then  precipitated  as  uranium  peroxide,  and  the  recov- 
ered material  rejoins  the  main  stream  at  the  ether 
purification  stage. 

Discussion  and  Future  Possibilities 
Despite  the  difficulties  and  the  short  time  scale  for 
design  and  construction,  the  plant  has  been  wholly 
successful  in  operation.  It  started  to  operate  on  the 
programmed  date  and  has  from  the  outset  achieved 
its  designed  output.  This  result  has  been  quoted  as 
a  classic  example  of  the  proposition  that,  in  appro- 
priate circumstances,  the  elimination  of  pilot  plant 
work  can  be  accepted  and  may  even  be  an  advantage, 
since  there  is  no  possibility  of  the  designer  perpetuat- 
ing inelegant  features  of  a  hastily  built  pilot  plant. 

The  over-all  utilization  of  uranium  has  been 
extremely  good,  despite  the  rather  large  recycles 
intrinsic  in  the  process  and  the  refractory  nature  of 
some  of  the  slaggy  reduction  by-products.  Since  some 
of  the  effluents  from  the  process  as  originally  devised 
contained  significant  concentrations  of  uranium,  pre- 
cipitation recovery  processes  were  introduced  on  the 
plant  scale  at  an  early  date.  These  gave  crude  pro- 
ducts which  were  stored  originally  but  for  which  re- 
covery processes  are  now  available.  Initially  it  was 
also  necessary  to  store  many  of  the  solid  residues, 
especially  those  of  a  slaggy  nature  where  the  ura- 
nium may  be  very  finely  dispersed  or  even  in  solid 
solution  in  the  fluoride  matrix.  More  recently, 
methods  have  been  devised  for  recovering  these  resi- 
dues, which  are  now  being  fed  back  into  the  main 
stream.  This  recovery  process  gives  also  a  source  of 
very  pure  calcium  fluoride.  The  latter  is  now  used 
for  the  reduction  mould  lining  and  has  significantly 
reduced  the  impurity  pick-up  by  the  billet. 

The  health  precautions  have  also  been  completely 


successful.  There  has  been  no  case  of  radiation  ill- 
ness or  of  serious  uranium  poisoning. 

Finally,  the  quality  of  the  uranium  metal  produced 
has  been  entirely  satisfactory  for  requirements  to 
date.  No  difficulty  has  been  experienced  in  the 
piles  which  can  be  attributed  to  the  uranium  metal 
production  processes. 

Nevertheless,  in  any  new  plant  which  might  be 
built  several  fundamental  change^  might  be  con- 
sidered. These  might  result  either  from  new  cir- 
cumstances or  from  information  obtained  since  1946, 
such  as : 

(a)  The  necessary  health  precautions  are  better 
understood  and  could  be  implemented  more  economi- 
cally by  more  refined  design. 

(ft)  The  metallurgical  condition  of  uranium  for 
future  reactors  will  probably  have  to  be  more  closely 
controlled,  requiring  even  purer  metal. 

(c)  Future  raw  materials  may  tend  to  be  uranium 
concentrates  rather  than  virgin  ores,  but  may  come 
from  a  wide  range  of  sources. 

(d)  Economies  might  be  obtained  by  the  intro- 
duction of  continuous  processes  and  cheaper  reagents. 

Economies  in  extraction  will  probably  result  auto- 
matically from  the  introduction  of  concentrates  as 
feed  and  this  change  will  also  give  greater  flexibility 
in  regard  to  the  acid  leaching  conditions.  Purification 
would  clearly  be  cheapened  by  the  substitution  of  a 
direct  multi-stage  counter-current  solvent  extraction 
process  for  the  uranium  peroxide  and  ether  extrac- 
tion stages.  If  successful,  such  a  process  would  elimi- 
nate the  use  of  expensive  reagents  such  as  hydrogen 
peroxide  and  would  permit  of  much  greater  flexibil- 
ity of  decontamination  whilst  obtaining  very  high 
yields  without  tedious  recycles. 

From  the  pure  uranyl  nitrate  stage  an  interesting 
possibility  would  be  to  carry  out  the  gas-solid  reac- 
tions of  the  "Dryway"  process  in  fluidized  beds. 
Further,  it  might  be  possible  to  produce  uranium 
oxides  by  direct  evaporation  of  uranyl  nitrate  and, 
again,  a  fluidized  bed  might  be  used.  Many  prob- 
lems would  need  to  be  solved  but,  if  successful,  very 
high  throughputs  could  be  obtained  from  a  small 
plant  with  very  high  reagent  and  uranium  efficiencies. 

For  the  reduction  stages  several  possibilities  exist, 
including  methods  of  preparing  uranium  powders. 
If  billets  are  required  magnesium  would  obviously 
be  a  cheaper  reductant  than  calcium.  The  Mg-UF4 
reaction  does  not  provide  so  much  heat  as  its  calcium 
counterpart  and  side-reactions  are  more  likely,  espe- 
cially if  oxide  refractories  are  used.  A  careful  bal- 
ance between  scale  of  operation  and  method  of  heat- 
ing would  clearly  be  necessary  to  obtain  complete 
reaction  and  good  separation  of  metal  and  slag. 

It  is  clear,  therefore,  that  possibilities  exist  for 
improving  the  existing  process  and  that  if  the  ideas 
referred  to  could  be  developed  successfully  the  pro- 
duction of  uranium  metal  from  concentrates  would 
compare  very  favourably  with  the  best  practices  for 
any  other  metal,  with  regard  to  cost,  elegance  of 
design  and,  especially,  purity  of  product. 


The  Preparation  of  Pure  Uranium  Metal 

By  B.  Goldschmidt*  and  P.  Vertes,t  France 


SUMMARY 

A  detailed  description  of  the  chemical  processes 
employed  for  preparing  pure  uranium  metal  at  the 
Bouchet  Factory  of  the  Commissariat  a  TEnergie 
Atomique  (Seine-et-Oise),  starting  either  with  rela- 
tively high-grade  ores,  or  with  concentrates  result- 
ing from  the  physical  or  chemical  treatment  of  low- 
grade  ores.  Nitric  acid  treatment  of  the  ores  leads 
to  the  production  of  impure  sodium  uranate.  This 
in  turn  is  dissolved  in  nitric  acid,  and  the  uianyl 
nitrate  is  extracted  with  tributyl  phosphate  diluted 
with  an  inert  solvent.  The  pure  re-extracted  uranyl 
nitrate  is  successively  converted  into  uranium  per- 
oxide, the  orange  oxide,  and  then  the  brown  oxide, 
which  is  converted  into  the  fluoride  with  anhydrous 
hydrofluoric  acid.  The  uranous  fluoride  is  reduced 
to  metal  by  pure  calcium,  the  yield  exceeding  99%. 

INTRODUCTION 

The  Bouchet  Factory  of  the  C.E.A.  forms  an 
enclave  of  about  six  hectares  within  the  National 
Powder  Factory  of  the  same  name,  located  in  the 
department  of  Seine-et-Oise,  near  the  small  town  of 
Ballancourt. 

The  first  departments  of  the  plant  constructed  in 
1946/47,  were  fitted  up  for  the  purification  of  a 
limited  stock  of  uranium  oxide  and  sodium  uranate, 
which  was  to  furnish  the  pure  oxide  destined  for 
the  first  pile  of  the  C.E.A. 

The  development  of  the  C.E.A/s  program  and 
the  discovery  of  important  deposits  of  uranium  ore, 
especially  in  the  Massif  Central,  led  to  the  progres- 
sive development  of  the  Bouchet  Factory  which  is 
at  present  equipped  to  produce  ingots  of  nuclear 
pure  uranium  metal,  starting  with  ore  of  different 
origin  or  with  concentrates  produced  physically  or 
chemically  in  the  neighborhood  of  the  mines. 

Its  productive  capacity  was  figured  out  as  a  func- 
tion of  the  general  program  of  the  C.E.A.  and  its 
actual  production  has  been  more  than  ample  up  to 
the  present  for  all  the  activities  contemplated  within 
the  framework  of  this  program. 

The  Bouchet  Factory  is  operated  directly  by  the 
Commissariat  a  1'Energie  Atomique  and  most  of  the 
processes  in  use  there  were  developed  by  its  tech- 
nicians. On  various  occasions  appeal  has  been  made 
for  the  help  of  private  industry,  however,  especially 
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for  the  first  refining  installations  (Societe  des  Pro- 
duits  Chimiques  des  Terres  Rares)  and  the  present 
ore-dressing  plant  (Societe  Minerals  et  Metaux  et 
Societe  de  Potasse  et  Engrais  Chimiques). 

The  ore  can  be  converted  into  the  pure  metal  in 
three  steps: 

The  first  is  intrinsically  variable  with  the  ore,  and 
consists  of  extracting  the  uranium  and  converting 
it  into  crude  sodium  uranate. 

During  the  second  step,  the  crude  uranate  is  con- 
verted into  nuclear  pure  oxide. 

The  third  stage  is  the  conversion  of  the  oxide  to 
the  metal  by  way  of  the  fluoride. 

PREPARATION  OF  SODIUM  URANATE  STARTING 
FROM  THE  ORE 

The  ore-dressing  varievS,  depending  essentially  on 
the  origin,  nature,  and  concentration  of  the  raw 
materials.  The  principal  products  at  present  treated 
at  Bouchet  are  ores  from  La  Crouzillc  (iite-Vienne) 
and  from  the  Bois  Noirs  (Ivoire)  the  principal  con- 
stituent being  pitchblende,  or  flotation  concentrates 
from  Lachaux  (Puy-de-Dome)  and  Margnac  (Ilte- 
Vienne)  where  two  physical  concentration  mills  are 
installed  which  treat  chiefly  ores  containing  double 
phosphates  of  uranium. 

The  products  are  relatively  rich,  and  it  is  essential 
to  extract  the  uranium  from  them  with  a  high  yield 
which  can  generally  be  performed  by  means  of  nitric 
acid  digestion  at  about  60°  C. 

The  following  flowesheet  is  common  to  all  these 
ores  and  concentrates  with  variations  for  each  par- 
ticular case. 

The  ores — titanatcs  or  niobotantalates — are  di- 
gested with  concentrated  nitric  acid  at  the  boiling 
point.  This  category  includes  a  rather  large  quantity 
of  ore  from  Mozambique,  which  the  C.E.A.  was  able 
to  buy  by  the  kind  authorization  of  the  Portuguese 
Government. 

In  every  case  the  digesting  solution  (which  con- 
tains all  the  uranium  of  the  ore)  is  decanted  in 
stainless  steel  Door  Oliver  thickeners.  The  residues 
are  thoroughly  washed. 

The  solution  is  then  treated  with  sodium  carbonate, 
which  precipitates  such  metals  as  iron,  manganese, 
lead,  etc.,  in  the  form  of  hydroxides,  bicarbonates, 
or  phosphates,  leaving  the  uranium  in  solution  in  the 
form  of  uranyl  carbonate. 

The  precipitate  is  washed  on  filter  presses  and 
forms  a  manufacturing  residue,  while  the  filtrate 
is  treated  at  the  boiling  point  with  a  solution  of 
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caustic  soda,  which  precipitates  sodium  uranate  prac- 
tically quantitatively. 

In  addition  to  this  nitric  acid  procedure,  which  is 
the  most  practicable  and  the  most  universal,  the  plant 
is  likewise  equipped  for  sulfuric  acid  digestion,  which 
is  better  suited  for  certain  types  of  ore  and  is  always 
more  economical. 

Some  other  procedures,  such  as  direct  digestion 
with  sodium  carbonate,  or  a  process  involving  pre- 
cipitation of  uranium  phosphate  from  solutions  pro- 
duced by  sulfuric  acid  digestion  of  low-grade  ore, 
have  been  studied  by  the  C.E.A.  or  in  collaboration 
with  outside  organizations  beyond  the  Bouchet  plant. 

Obviously,  the  most  generally  used  treatments 
in  the  Bouchet  plant  have  many  variants,  and  a 
suitable  and  economical  treatment  had  to  be  sought 
for  each  new  type  of  ore. 

This  has  made  it  possible  to  treat  flotation  con- 
centrates containing  a  considerable  amount  of  organic 
reagents  under  very  satisfactory  conditions.  When 
a  large  quantity  of  lead  is  present,  it  is  precipitated 
during  digestion.  Sometimes  the  dressing  of  different 
types  of  ore  is  combined  in  order  to  eliminate  draw- 
backs that  are  encountered  when  they  are  dressed 
separately.  In  every  case,  the  aim  is  total  solubiliza- 
tion  of  the  uranium  with  the  lowest  expenditure  of 
reagents  and  the  formation  of  easily  filterable  prod- 
ucts. The  recovery  of  certain  impurities  such  as 
lead,  titanium  and  zirconium  has  been  explored  but 
not  put  into  practice. 

It  should  be  noted  that  radium  is  no  longer  recov- 
ered in  these  operations,  but  that  care  is  taken  during 
digestion,  to  make  it  insoluble  by  the  addition  of 
barium  carbonate,  and,  if  necessary,  sulfate  ions  to 
keep  the  radium-barium  sulfates  insoluble  in  the 
sterilizers  and  make  them  unable  to  pollute  the  rivers 
into  which  the  waste  water  might  be  diverted. 

The  chemical  plant  in  which  the  treatments  de- 
scribed above  take  place  is  preceded  by  an  ore-recep- 
tion plant  where  it  is  dried,  ground,  sampled,  weighed 
and  stored. 

The  equipment  also  makes  it  possible  to  build  up 
relatively  large  lots  of  constant  composition. 

In  the  case  of  ores  that  are  received  moist  and 
finely  divided,  dry  storage  is  replaced  by  a  hydraulic 
return  plant. 

The  over-all  yield  of  the  physical  and  chemical 
operations  in  these  departments  is  in  the  neighbor- 
hood of  97%,  the  initial  content  of  the  ores  treated 
varying  from  2  to  10%  and  even  more. 

Treatment  of  ores  assaying  less  than  2%  of  ura- 
nium has  been  left  to  mills  in  the  neighborhood  of 
the  actual  mines. 

PURIFICATION  OF  URANIUM  COMPOUNDS 

The  purification  of  the  sodium  uranate  obtained 
from  the  various  ores  is  based  on  the  property  of 
uranyl  nitrate  of  being  soluble  in  organic  solvents, 
a  property  that  it  has  in  common  with  the  nitrates 
of  elements  of  the  periodic  table  from  thorium  on. 

In  recent  years  methylisobutyl  ketone  (hexone) 
has  been  used  for  this  extraction  at  the  Bouchet 


plant,  using  ammonium  nitrate  as  a  salting-out  agent ; 
the  presence  of  this  salt  in  the  aqueous  solution 
displaces  the  equilibrium  of  the  uranyl  nitrate,  which 
is  dissociated  into  ions,  toward  the  molecule,  which 
alone  is  soluble  in  the  solvent.  For  the  last  few 
months  hexone  has  been  replaced  by  tributyl  phos- 
phate, the  use  of  which  makes  a  salting-out  agent 
unnecessary. 

It  may  be  mentioned  that  ether  ws  the  first  sol- 
vent employed  at  the  Bouchet  plant  for  the  extrac- 
tions of  uranyl  nitrate,  but  it  was  abondoned  rather 
soon  for  reasons  of  economy  and  safety. 

Tributyl  phosphate,  although  rather  expensive, 
does  not  entail  any  high  costs,  since  it  can  be  almost 
entirely  recovered.  Moreover,  in  use  it  is  diluted 
with  one  and  a  half  volumes  of  a  hydrocarbon,  which 
is  not  an  expensive  substance. 

Countercurrent  extraction  is  effected  in  two  stain- 
less-steel columns  five  meters  high,  packed  with 
Rashing  rings.  While  nitrates  of  all  the  ordinary 
metals  remain  in  aqueous  solution,  the  solvent 
leaves  by  the  top  of  the  column,  carrying  all  the 
uranyl  nitrate  with  it.  In  practice,  a  small  percentage 
of  uranium  rests  in  the  bottom  and  is  recovered  in 
a  separate  operation. 

The  next  operation  consists  of  re-extracting  the 
uranyl  nitrate  with  distilled  water  in  a  countercur- 
rent  column  five  meters  high.  The  dispersion  of  the 
phases  was  specially  studied  in  order  to  obtain  per- 
fect re-extraction  in  a  single  passage. 

All  these  solutions  contained  free  acid  in  a  quan- 
tity sufficient  to  prevent  any  precipitation  during 
these  operations. 

The  result  at  this  point  is  that  almost  all  the  im- 
purities have  been  eliminated,  but  the  uranium  is  in 
a  dilute  solution  as  the  nitrate.  Precipitation  of  ura- 
nium as  the  peroxide  was  chosen  for  passing  to  the 
solid  phase,  since  this  makes  it  possible  to  eliminate 
at  the  same  time  the  few  impurities  still  remaining. 

The  uranium  content  of  the  solution  during  these 
various  operations  is  as  follows :  crude  aqueous  solu- 
tion to  be  extracted,  370  gm  LJ/liter;  solution  of 
uranyl  nitrate  in  the  solvent,  140  gm  U/liter ;  solu- 
tion of  pure  nitrate  in  distilled  water,  70  gm  U/liter. 

The  work  is  done  in  heated  tanks  with  stirring, 
adding  oxygenated  water  and  ammonia  to  the  uranyl 
nitrate ;  the  ammonia  is  intended  to  hold  the  solution 
pH  at  a  fixed  value  throughout  the  precipitation. 

This  operation  is  followed  by  filtering  and  wash- 
ing the  peroxide,  which  has  been  freed  of  its  last 
impurities  which  remain  in  the  mother  liquor  whose 
pll  is  about  1.5.  However,  there  still  remains  a  lit- 
tle iron,  manganese,  silica  and  some  other  com- 
mon impurities,  which  total  only  a  few  parts  per 
million  compared  to  the  uranium.  Such  elements  as 
boron,  lithium,  cadmium,  and  the  rare  earths,  which 
are  veritable  poisons  for  atomic  energy,  are  prac- 
tically undetectable  in  the  pure  oxide.  Here  is  an 
analysis  of  the  impurities  found  in  the  pure  oxide 
of  the  usual  grade  (in  ppm) :  Fe  1.5,  Mn  0.3,  Ni  0.2, 
Cr  0.4,  Cd  0.2,  Cu  0.3,  and  Mo  0.3. 
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REDUCTION   OF   THE    PURE   OXIDE  AND 
PREPARATION  OF  THE  METALLIC  URANIUM 

Ingots  of  metallic  uranium  have  been  produced 
on  an  industrial  scale  at  the  Bouchet  plant  ever  since 
1950,  following  a  technique  developed  and  perfected 
by  the  Bouchet  team. 

Although  the  purity  of  the  final  product,  which 
was  already  satisfactory  by  then,  has  not  changed 
much,  the  procedure  employed  has  undergone  many 
changes  and  improvements  since  that  time. 

The  various  stages  of  manufacture  for  convert- 
ing the  peroxide  into  metallic  uranium  are  as  follows  : 
(a)  transformation  of  UO4  to  UO3  by  simple  heat- 
ing to  about  400°;  (fe)  conversion  of  UO3  to  UO2 
by  reduction  with  ammonia  gas  in  a  continuous  ver- 
tical furnace;  (c)  preparation  of  tablets  of  the  UO2 
oxide  for  fluorination;  (d)  conversion  of  the  UO2 
tablet  to  the  fluoride  by  the  action  of  anhydrous 
hydrofluoric  acid  gas  in  a  continuous  vertical  fur- 
nace ;  and  (<?)  reduction  of  the  uranium  fluoride  by 
pure  calcium,  to  the  state  of  molten  uranium  which 
forms  ingots  upon  cooling. 

Since  the  materials,  the  products,  and  the  reagents 
employed  in  these  last  transformations  should  intro- 
duce only  a  minimum  of  impurities  into  the  uranium, 
working  out  the  procedures  required  solution  of  a 
number  of  auxiliary  problems;  these  problems  were 
sometimes  solved  with  private  industry. 

Thus,  preparation  of  the  calcium  of  nuclear  purity 
was  entrusted  to  the  Societe  Metallurgique  du  Pla- 
net, which  specializes  in  the  manufacture  of  light 
metals.  At  present  this  company  is  furnishing  double- 
distilled  calcium. 

The  procedure  initially  used  is  a  classic  alumino- 
therm  one  according  to  the  equation  : 


3CaO  +  2A1  =  3Ca 


A12O3 


This  is  done  in  vacuo  at  about  1300°  in  refractory 
cement  furnaces,  the  charge  being  heated  by  direct 
radiation,  using  graphite  resistors. 

The  crude  calcium  is  purified  by  sublimation  in 
a  retort  at  a  very  high  v,acuum.  It  is  then  absolutely 
pure  from  the  nuclear  point  of  view.  The  only  im- 
purity present  in  any  considerable  amount  (0.1%) 
is  magnesium;  no  attempt  was  made  to  eliminate 
this,  since  it  plays  the  same  reducing  role  as  cal- 
cium in  reducing  the  uranium  fluoride.  The  total 
of  all  the  other  foreign  bodies  is  not  more  than  a 
few  tenths  of  a  part  per  million. 

The  calcium  is  recovered  in  the  form  of  cakes 
40  cm  in  diameter,  weighing  about  14  kg.  They  are 
used  in  the  form  of  turnings. 

Another  auxiliary  problem  was  perfecting  the 
special  technique  that  makes  it  possible  to  prepare 
crucibles  of  pure  calcium  fluoride,  starting  with  the 
purified  natural  fluoride  coming  from  the  factory 
of  the  Societe  Teisset-Kessler,  at  Clermont-Ferrand. 

These  crucibles  can  take  the  molten  uranium 
without  deformation.  They  are  manufactured  in  a 
shop  that  is  a  part  of  the  factory.  The  calcium  flu- 
oride, which  must  have  a  physical  structure  making 


it  suitable  for  this  use,  does  not  contain  more  than 
0.5%  of  foreign  elements  (especially  Fe  and  Si). 
Here  are  some  technical  details  of  the  reduction 
process  proper: 

1.  There  is  no  special  problem  in  the  transforma- 
tion of  UO4  to  UO3,  which  is  effected  either  in 
special  large  vats  or  in  a  tunnel  furnace. 

2.  The  reduction  of  the  UOs  in  a  vertical  furnace 
was  initially  performed  by  a  current  of  hydrogen  at 
750°.  The  gas  was  diluted  with  an  excess  of  nitro- 
gen to  make  it  easier  to  control  the  exothermic 
reaction.  Later  we  used  a  mixture  of  hydrogen  and 
nitrogen  produced  by  cracking  ammonia;  we  now 
reduce  it  directly  by  a  current  of  ammonia,  this 
gas  breaking  down  into  its  elements  as  soon  as  it 
comes  into  contact  with  the  uranium  oxide.  Since 
the  action  of  the  nascent  hydrogen  has  a  very  favor- 
able influence  on  the  yield  of  the  apparatus,  it  is 
possible  to  reduce  more  than  1000  kg  of  oxide  in 
twenty-four  hours  of  operation  in  a  vertical  furnace 
about  one  meter  long,  followed  by  a  cooler  of  the 
same  dimensions. 

The  UO3-UO2  reduction  furnaces  operate  auto- 
matically, the  gas  flows  being  measured  and  regu- 
lated by  rotameters,  and  the  final  product  which  is 
slightly  oxidizable,  being  maintained  in  an  inert 
atmosphere. 

3.  The  fluorination  process  used  for  five  years  at 
the  Bouchet  plant  converted  the  UO2  by  attacking 
it  with  a  40%  solution  of  pure  HF. 

Digestion  is  done  in  a  tank  lined  with  ebonite  and 
with  an  agitator  also  covered  in  ebonite.  A  single 
operation  involved  100  kg  of  UO2  and  an  excess 
of  HF  of  about  25%  over  the  theoretical  quantity. 
The  oxide  is  introduced  portion-wise  with  stirring, 
in  order  to  prevent  the  mixture  from  heating  up  to 
above  60°.  After  the  end  of  the  reaction,  the  mix- 
ture is  filtered  in  an  ebonite-covered  filter  using  a 
polyvinyl  chloride  cloth,  washed  with  water  and 
added  HF,  and  finally  washed  with  methanol. 

Drying  of  the  fluoride  requires  great  care,  for 
humidity  is  responsible  for  spattering  during  proces- 
sing, causing  a  considerable  decrease  in  the  yield  and 
the  quality  of  the  metal.  On  the  other  hand,  desic- 
cation lasting  too  long  a  time  or  at  an  excessive  air 
temperature  results  in  serious  hydrolysis  and  oxida- 
tion of  the  fluoride. 

The  air-dried  cake,  containing  about  50%  mois- 
ture, is  subjected  to  a  preliminary  drying  at  200° 
in  a  lead-lined  tank.  The  product  then  contains  2-3% 
of  water;  it  is  broken  up  in  a  crusher  fitted  with 
uranium  jaws  (to  prevent  the  introduction  of  fresh 
impurities)  and  redried  at  500°  in  a  vertical  copper 
oven  in  an  atmosphere  of  hydrogen,  with  or  without 
HF  added.  The  moisture  content  upon  emerging 
from  this  oven  is  not  more  than  0.3%,  as  determined 
by  loss  of  weight  in  vacuo  at  150°.  It  does  not  con- 
tain any  higher  uranium  oxides  and  a  very  low  per- 
centage of  uranous  oxyfluoride.  The  increase  in 
humidity  during  storage  is  negligible. 

The  anhydrous  fluorination  process  used  at  present 
in  the  Bouchet  plant  is  very  similar  to  the  UOs-UO2 
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reduction  in  a  vertical  furnace,  as  far  as  apparatus 
is  concerned.  It  was  adopted  after  experimenting 
with  many  possible  variations  of  fluorination  by  the 
anhydrous  gas.  Of  the  continuous  processes,  fluidiza- 
tion,  horizontal  furnaces,  and  vertical  furnaces  with 
trays  have  yielded  fairly  satisfactory  results. 

Use  of  the  present  vertical  furnace  (without  trays) 
was  made  possible  by  the  preliminary  agglomeration 
of  the  uranium  oxide  into  pellets,  preventing  the 
swelling  of  the  substance  and  making  automatic  regu- 
lation fairly  simple. 

The  furnace,  the  apparatus,  and  the  auxiliary  cir- 
cuits were  constructed  of  special  corrosion-resistant 
materials,  such  as:  monel  metal,  copper,  graphite, 
plastics;  the  corrosion  problems  varying  from  one 
point  to  another. 

The  furnace  consists  of  a  vertical  tube  flaring 
slightly  toward  the  bottom,  situated  in  an  electric 
furnace  which  is  only  used  at  the  outset  as  the  reac- 
tion is  sufficiently  exothermic  to  continue  thereafter 
without  supplying  any  heat. 

The  temperature  in  the  hot  zone  is  held  at  about 
450-500°. 

The  gas  used  may  contain  a  certain  amount  of 
nitrogen  or  even  of  hydrogen  and  it  always  contains 
at  least  a  20%  excess  of  hydrogen  fluoride  over  the 
theoretical  amount. 

The  fluoride  produced  may  contain  from  1  to  1.2% 
of  oxygen  without  this  affecting  subsequent  oper- 
ations as  the  fluoride  is  always  completely  reduced 
to  the  metallic  state. 

Improved  techniques  made  it  possible  to  produce 
ingots  of  the  pure  metal  on  an  industrial  scale  as 
early  as  1950  but  further  improvements  are  being 


constantly  made  in  order  to  make  this  operation  sim- 
pler and  cheaper. 

The  crucibles  now  in  service  make  it  possible  to 
produce  one  ingot  per  crucible  per  day  (the  ingot 
may  weigh  as  much  as  100  kg).  The  yield  of  the 
operation  is  as  high  as  99%,  and  the  quality  of  the 
metal  obtained  is  such  that  rods  can  be  prepared 
for  the  piles  by  direct  drawing  or  melting. 

The  crucible  has  an  outer  shell  «of  stainless  steel 
and  is  completely  lined  with  calcium  fluoride  to  pre- 
vent any  contact  that  might  contaminate  the  metal. 

After  the  crucible  has  been  filled  with  a  mixture 
of  UF4  tablets  and  calcium  chips,  it  is  covered  with 
a  steel  bell  cover.  It  is  then  evacuated  and  then  filled 
with  pure  argon  gas.  At  the  moment  of  starting 
(which  is  done  electrically),  a  valve  is  opened  to 
allow  the  escape  of  the  excess  calcium  which  oxidizes 
immediately  in  the  air.  After  the  reaction,  which 
lasts  only  a  few  seconds,  the  bell  is  closed  again  and 
the  ingot  is  cooled  in  an  argon  atmosphere  by  a 
jacket  with  circulating  water. 

The  ingot,  topped  by  a  mass  of  molten  fluoride,  is 
removed  from  the  oven  by  a  special  device. 

This  brief  sketch  of  the  chemical  transformations 
involved  in  the  uranium  cycle  gives  a  picture  of  this 
industry  which  has  been  recently  created  in  France 
thanks  to  the  close  and  indispensable  technical  col- 
laboration of  private  industry.  The  C.E.A.  devotes 
more  than  a  third  of  its  annual  appropriation  to  the 
search  and  mining  of  uranium  ores  and  the  produc- 
tion of  the  pure  metal;  efforts  are  constantly  being 
made  to  lower  the  cost  of  production  by  effecting 
improvements  and  changes  at  each  point  in  the 
chemical  cycle. 


Uranium  Metallurgy  in  Belgium 


INTRODUCTION 

The  special  interest  which  became  apparent  in  the 
scientific  and  industrial  circles  of  Belgium  since  the 
last  world  war,  with  respect  to  the  development  of 
nuclear  science  and  its  industrial  application,  was 
obviously  to  be  expected  in  view  of  the  important 
position  which  the  Belgian  Congo,  and  particularly 
TUnion  Miniere  du  Haut- Katanga,  occupies  in  the 
production  of  uranium. 

In  1951,  the  King  appointed  a  Commissioner  in 
charge  of  Atomic  Energy,  in  the  person  of  Mr. 
Pierre  Rijckmans,  Honorary  General  Governor  of 
Belgian  Congo,  a  decision  which  was  going  to  be 
the  starting  point  for  a  series  of  moves  which  were 
to  give  organic  form  to  the  initiatives  of  the  aca- 
demic and  industrial  circles. 

The  first,  under  the  auspices  of  the  National 
Scientific  Research  Foundation,  was  the  creation  of 
an  Institut  Intcruniversitaire  de  physique  nuclcairc, 
which  would  henceforth  guarantee  stability  and  con- 
tinuity, and  provide  means  of  action  for  the  research 
undertaken  in  our  universities. 

In  1952,  the  Atomic  Energy  Commissioner  created 
the  Centre  df  Etudes  pour  les  applications  de  VEner- 
gie  nucleaire,  the  activity  of  which  was  to  be  directed 
by  qualified  representatives  of  the  administration, 
scientific  circles  and  industry.  This  Center  decided 
on  building  the  first  Belgian  experimental  nuclear 
reactor  at  Mol,  as  well  as  chemical,  physical,  elec- 
tronic, metallurgical  and  technological  laboratories. 
The  Mol  facilities  must  permit  Belgian  science  and 
industry  to  get  their  initiation  into  the  problems 
raised  by  the  application  of  atomic  energy,  and  to 
help  in  training  personnel  which  will  be  responsible 
for  the  building  and  operation  of  power  reactors. 

In  1954,  the  electricity  producing  societies  formed 
the  Syndicat  d'Etudcs  de  Centralcs  Atomiques,  the 
purpose  of  which  is  to  study  all  aspects  of  the 
utilization  of  nuclear  power  reactors  within  the 
framework  of  the  production  of  electrical  energy  in 
Belgium. 

The  main  industrial  companies  in  the  country,  on 
their  side,  created  the  Syndicat  d' Etude  de  VEnergic 
Nitcleaire,  the  purpose  of  which  is  to  conduct  re- 
search into  the  building  and  operation  of  nuclear 
power  reactors  in  Belgium  and  abroad. 

The  last  two  named  organizations  decided  to  study 
and  carry  out  by  their  own  means,  and  for  the  near 
future,  the  building  of  a  nuclear  plant  in  Belgium, 
and  to  exploit  it  industrially. 
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The  decision  taken  by  our  industrialists  to  play 
an  active  role  in  the  future  equipment  of  our  country 
and  others  with  nuclear  power  plant  rests  on  the 
assurance  of  an  adequate  supply  of  nuclear  fuel, 
particularly  of  uranium. 

The  Societe  Generate  Metallurgique  of  Iloboken, 
a  subsidiary  of  the  Union  Miniere  du  Haut- 
Katanga,  is  known  for  it  important  role  in  the  pro- 
duction of  uranium.  Before  the  world  war,  it  was 
interested  in  the  making  of  uranium  and  ferro- 
uranium  salts.  Since  then  it  has  concentrated  on  the 
production  of  uranium,  as  well  as  of  thorium  of 
nuclear  purity. 

It  has  just  decided  on  setting  up  a  facility  for  the 
industrial  production  of  natural  uranium. 

The  plant  will  start  operations  in  1956,  and  the 
purpose  of  this  paper  is  to  give  an  brief  description 
of  the  methods  which  will  be  used  for  the  purpose. 

DESCRIPTION  OF  THE  PROCESSING  OF 
METALLIC  URANIUM 

The  raw  material  is  a  uranium  bearing  concen- 
trate, which  contains  more  than  80%  U3O8,  supplied 
by  the  Union  Miniere  du  Haut-Katanga.  The  im- 
purities contained  in  the  concentrate  will  be  listed  in 
decreasing  order  of  their  contents :  MgO,  SiO2,  Pb, 
CaO,  P205,  Cu,  Mo,  Co  +  Ni. 

The  production  of  metallic  uranium  from  the 
concentrate  is  a  two-stage  operation :  chemical  treat- 
ment, meant  to  produce  a  nuclear  purity  oxide  UO4  • 
2aq ;  and  metallurgical  treatment,  for  the  subsequent 
transformation  of  the  oxides,  fluorination  and  reduc- 
tion to  metal. 

CHEMICAL  TREATMENT 

Dissolving  the  Concentrate  with  Nitric  Acid 

The  purpose  of  this  is  to  obtain  a  clear  and  suf- 
ficiently concentrated  solution  of  uranyl  nitrate  from 
which  uranium  can  be  extracted  nearly  quantitatively 
by  means  of  an  organic  solvent  (for  instance  me- 
thylisobutylketone,  ether,  etc.). 

To  this  end,  the  concentrate  is  attacked  by  nitric 
acid,  an  operation  followed  by  a  separation  (filtra- 
tion) of  the  insoluble  residue. 

A  given  quantity  of  salting  agent  is  added  to  the 
clear  solution  (in  our  case  recycled  magnesium  ni- 
trate). The  function  of  the  salting  agent,  as  is  well 
known,  is  to  make  the  passage  of  the  uranyl  nitrate 
to  the  organic  phase  easier  and  thus  to  increase 
markedly  the  efficiency  of  the  extraction  process. 

The  clear  uranyl  nitrate  solution  has  a  density  of 
ca  1.5  and  an  UsOg  content  of  ca  225  gm/1. 

The  residue  from  the  reaction,  dry,  represents 
approximately  \%  by  weight  of  the  charged  con- 


156 


URANIUM  METALLURGY  IN  BELGIUM 


157 


centrate  and  its  U8OR  content  is  less  than  1%, 
namely  less  than  0.01%  of  the  uranium  added.  This 
residue  is  set  aside. 

Attack  is  carried  out  with  concentrated  nitric  acid. 
The  uranium  containing  concentrate  is  brought  dry 
to  the  reaction  vat,  following  which  a  quantity  of 
concentrated  nitric  acid  of  technical  quality  (d  = 
1.4)  required  for  dissolution  is  added.  The  reaction 
is  very  exothermal,  and  the  temperature  of  the  mix- 
ture may  reach  approximately  100°  C. 

The  mixture  is  heated  and  kept  at  a  boil  ( 120  to 
130°C)  for  approximately  one  hour.  A  black  foamy 
mass  rises  to  the  surface  at  the  beginning  and  be- 
comes progressively  transformed  into  gelatinous 
particles  which  diffuse  through  the  boiling  solution 
and  deposit  when  the  heating  is  stopped.  Thereafter, 
dilution  is  made  with  a  part  of  the  recycled  magne- 
sium nitrate  solutions  (salting  agent).  The  solution 
is  filtered.  The  filtration  gives  very  satisfactory  re- 
sults. The  gelatinous  insoluble  product — which  is 
very  dense — is  removed  from  further  processing. 

Uranium  bearing  solutions  from  the  washings 
are  added  to  the  clear  solution.  Thereafter,  the  miss- 
ing quantity  of  recycled  solutions  of  magnesium 
nitrate  is  added,  and,  if  the  density  of  the  solution 
is  still  too  high;  it  is  diluted  with  water  until  a 
density  of  approximately  1.5  is  reached. 

Extraction  of  Nuclear  Purity  Uranyl  Nitrate 

The  aqueous  solution  of  uranyl  nitrate  obtained 
from  these  operations  must  be  purified,  from  the 
impurities  which  have  been  introduced  during  the 
dissolving  operation.  This  purification  rests  on  the 
well  known  property  of  some  organic  solvents  of 
dissolving  uranyl  nitrate  preferentially  to  most  other 
metallic  nitrates. 

The  operation  is  conducted  in  three  stages: 

Primary  Extraction 

Primary  extraction  is  the  first  and  most  important 
phase  of  purification.  The  separation  of  uranium 
and  metallic  impurities  is  carried  out  by  means  of 
ketones.  Several  ketones  have  been  considered.  Al- 
though the  results  of  extraction  were,  as  a  rule, 
satisfactory,  economic  reasons  have  mostly  dom- 
inated the  choice. 

A  method  of  extraction  by  ether  was  also  devel- 
oped— as  a  matter  of  fact  with  success — but  it  was 
abandoned,  mostly  due  to  the  danger  inherent  to 
the  use  of  large  amounts  of  ether. 

Extraction  is  carried  out  in  a  centrifuge  type 
apparatus,  entirely  closed,  having  three  theoretical 
extraction  stages  operating  countercurrent  and  with 
all  the  parts  which  come  into  contact  with  liquids 
being  made  of  stainless  steel.  Each  stage  includes: 
a  mixer,  for  the  intimate  mixture  of  the  two  phases ; 
and  a  high  speed  centrifuge,  for  separating  the 
phases. 

Feed  is  by  gravity,  the  solution  tanks  being  under 
positive  pressure  with  respect  to  the  rest  of  the 
equipment.  Turbines  are  used  to  establish  the  pres- 
sure, without  creating  any  foam,  to  a  load  of  1.5 


kg/cm2,  which  makes  it  possible  to  feed  these  liquids 
to  the  tanks. 

The  characteristics  of  our  methods  of  procedure 
are  the  following: 

The  ketone/uraniferous  solution  ratio  at  extraction 
is  1.5/1.  The  outputs  may  reach  about  500  1/hr  on 
the  solution  side  and  750  1/hr  on  the  methyliso- 
butylketone  side. 

It  is  of  advantage  to  operate  at  a  low  acidity  in 
order  to  rule  out  such  hydrolyses  as  would  interfere 
with  successful  operation. 

The  extraction  efficiency  of  uranyl  nitrate  exceeds 
99.5%.  Indeed,  the  depleted  solution  contains  less 
than  0.5%  of  the  uranium  used,  as  well  as  nearly 
the  whole  of  the  impurities  and  salting  agent  (Mg 
(N03)2). 

In  a  recovery  operation,  the  uranium  which  is  not 
extracted  is  precipitated  with  most  of  the  impurities. 
Following  filtration,  it  is  set  aside  for  subsequent 
treatment.  The  salting  agent  which  remains  in  solu- 
tion is  used  again  at  the  beginning  of  the  cycle  when 
the  solution  is  made  up. 

Wash 

The  ketonic  solution  of  uranyl  nitrate  still  contains 
traces  of  impurities. 

In  order  to  complete  purification,  the  ketone  phase 
is  washed  either  with  a  small  amount  of  a  saturated 
aqueous  solution  of  pure  uranyl  nitrate  or  with  a 
small  amount  of  demineralized  water. 

The  impurities  leave  the  ketone  phase  to  enter  the 
aqueous  solution,  until  equilibrium  is  established  as 
imposed  by  the  distribution  between  the  two  liquid 
phases.  It  is  obvious  that  uranium  also  distributes 
between  the  two  phases: 

1.  One  part  is  in  the  impure  aqueous  solution;  it 
depends  on  the  amount  of  washed  solution  used. 
This  uranium  is  recycled,  and  reintroduced  at  the 
beginning  of  the  solution  system. 

2.  Another  and  much  larger  portion  remains  in 
solution  in  the  ketone;  this  is  pure  uranium,  to  be 
reextracted. 

The  quantities  of  solution  involved  depend  on  the 
wash  water/ketone  ratio.  We  usually  have  a  ratio 
of  some  1/10. 

Washing  is  carried  out  in  a  stainless  steel  column 
equipped  with  a  stainless  steel  filler,  in  order  to  make 
for  closer  contact  between  the  phases,  and  to  in- 
crease the  efficiency  of  the  wash. 

At  the  end  of  the  wash,  the  ketone  solution  of 
pure  uranium  contains  approximately  83%  of  the 
whole  of  the  uranium;  the  impure  wash  solution 
contains  about  17%.  This  solution,  as  already  stated, 
is  recycled  and  brought  in  again  at  the  beginning 
of  the  extraction  process. 

From  the  standpoint  of  purification,  the  washing 
operation  is  efficient  and  affects  all  the  impurities 
still  present,  including  vanadium  and  the  rare  earths ; 
this  as  distinct  from  the  subsequent  peroxide  opera- 
tion, which,  under  our  conditions,  does  not  complete- 
ly eliminate  these  elements. 
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According  to  the  composition  of  the  concentrates 
to  be  treated,  it  is  thus  possible  to  leave  out  this 
operation,  if  subsequent  peroxide  treatment  is  of 
adequate  efficiency. 

Reextraction 

The  purpose  of  reextraction  is  that  of  passing  the 
uranyl  nitrate  from  the  washed  ketone  solution  into 
an  aqueous  phase  made  up  of  very  pure  deminer- 
alized  water,  and  to  recover  the  ketones,  which  are 
used  again  for  primary  extraction.  This  operation 
is  carried  out  in  equipment  which  is  in  every  way 
identical  to  that  used  for  primary  extraction. 

The  reextraction  ratio:  uranium  containing 
ketone/demincralized  water,  is  approximately  1/0.75. 

Separation  of  the  phases  from  the  reextraction 
is  difficult  and  may  result  in  some  entrainment  in  the 
extractor,  particularly  at  a  high  output. 

Preheating  of  the  solutions  (ketone  and  water) 
and  slight  acidification  of  the  water  make  it  possible 
to  accelerate  phase  separation  and  to  reach,  without 
any  difficulties,  the  high  outputs  required  in  order 
to  be  able  to  treat  the  solutions  from  the  primary 
extraction  in  the  wash. 

The  solvent  loss  is  less  than  5%  for  a  complete 
cycle:  extraction — wash — reextraction.  This  is  due 
to  the  fact  that  the  aqueous  solutions,  during  purifica- 
tion, are  saturated  with  ketone,  the  recovery  of 
which  is  not  economical 

On  the  other  hand  when  extraction  is  by  ether, 
recovery  of  the  solvent  which  saturates  the  aqueous 
solution  is  necessary,  both  for  economic  reasons  (the 
losses  are  too  great),  and  for  safety  reasons  (proc- 
essing saturated  ether  solutions  is  dangerous). 

Precipitation  of  Uranium  Peroxide  n.p. 

Peroxide  treatment  consists  of  precipitating  the 
uranium  peroxide  of  a  slightly  acid  solution  of 
uranyl  nitrate  according  to  the  reaction: 

UO2(NO3)2  (in  aqueous  solution)  +  H2O2 
*±U04-2H20  +  2IIN03 

With  this  process,  the  last  impurities  which  might 
have  escaped  extraction  in  the  wash,  are  held  in 
solution.  In  addition,  uranium  peroxide  is  readily 
reduced  to  a  lower  valency  oxide.  Thus,  it  is  a 
good  starting  product  for  metallurgical  operations. 

As  indicated  by  the  literature,  precipitation  gen- 
erally is  carried  out  in  the  following  fashion : 

To  the  slightly  acid  hot  solution  (>  40° C)  of  ura- 
nyl nitrate,  the  required  quantity  of  perhydrol  is 
added  slowly  (use  up  to  twice  the  theoretically 
needed  amount)  with  energetic  stirring. 

In  certain  operating  techniques,  an  ammonia  solu- 
tion (or  gaseous  ammonia)  is  added  at  the  same 
time  as  the  perhydrol  in  order  to  neutralize  the  nitric 
acid  formed  by  the  reaction  itself. 

Thus,  the  pH  of  the  solution  is  kept  constant 
throughout  the  duration  of  precipitation  which  favors 
subsequent  filtration  and  the  yield  of  precipitation. 

In  order  to  achieve  precipitation  giving  a  precipi- 
tate which  can  be  filtered  without  any  undue  diffi- 


culties, several  factors  must  be  borne  in  mind  at  all 
times:  concentration,  acidity,  temperature,  stirring, 
duration  of  operation,  etc. 

The  optimal  conditions,  as  generally  recommended 
are:  concentration  of  uranyl  nitrate  solution,  5  to 
10% ;  acidity,  pH  between  1  and  3 ;  temperature 
over  40° C;  vigorous  stirring. 

Our  experience  shows  that  this  is  an  essential 
operation,  if,  in  the  subsequent  treatment  of  the 
oxide  and  during  fluorination,  products  of  consistent 
composition  and  high  efficiencies  are  desired. 

Each  of  the  characteristics  of  the  precipitation  was 
the  object  of  a  systematic  study,  for  the  purpose  of 
achieving  a  fine  crystalline  precipitate  of  sufficient 
weight  which  would  settle  immediately  after  agita- 
tion is  stopped,  a  rapid  filtration  not  slowed  down 
by  the  thickening  of  the  cake,  and  an  effective  wash. 

The  cake  obtained  on  the  vacuum  filter  contains 
40%  moisture.  The  precipitation  yield  exceeds 
99.9%. 

The  quantity  of  perhydrol  used  is  less  than  double 
that  needed  theoretically. 

The  traces  of  uranium  contained  in  the  filtrate 
are  precipitated  with  magnesium  and  separated  by 
filtration,  and  charged  again  with  concentrate  at 
the  beginning  of  the  cycle. 

The  chemical  treatment  facilities  have  been  so 
installed  as  to  make  the  operation  fully  automatic 
and  to  guarantee  complete  security  against  fire  and 
explosion. 

METALLURGICAL  TREATMENT 

The  peroxide  UOi  •  2aq  produced  by  chemical 
treatment  is  transferred  to  the  metallurgy  depart- 
ment, where  the  treatment  consists  of  four  stages: 
drying  of  the  peroxide,  calcination  which  transforms 
it  into  UOa  and  reduction  to  UO2  by  hydrogen; 
fluorination  of  UO2  to  UF4;  reduction  of  UF4  to 
metallic  U  by  calcium;  and  vacuum  melting  of  the 
first  uranium  obtained. 

Drying,  Calcination  and  Reduction 

The  three  operations  are  carried  out  successively 
in  the  same  type  of  vertical  oven  (bell  oven)  using 
a  batch  process,  similar  to  those  used  in  powder 
metallurgy.  The  heating  bell  is  fixed  on  the  top  of 
the  container  in  which  capsules  which  contain  the 
product  to  be  treated  are  piled  up. 

Drying  and  Calcination  of  the  Peroxide 

The  wet  peroxide  (30  to  40%  water)  is  placed 
in  the  oven  at  450-5  50°  C,  at  which  temperature 
drying  and  calcination  are  very  rapid. 

At  the  beginning,  the  free  moisture  evaporates,  while 
the  temperature  in  the  centre  of  the  charge  keeps 
at  about  100° C.  Once  the  major  part  of  the  free 
water  is  evaporated,  the  temperature  of  the  charge 
begins  to  rise:  the  2  molecules  of  the  water  of 
hydration  begin  to  separate  at  the  same  time  as  a 
part  of  the  oxygen,  since  UO4  is  not  very  stable  in 
its  anhydrous  form.  At  the  end  of  calcination,  the 


URANIUM  METALLURGY  IN  BELGIUM 


159 


atmosphere  in  the  oven  is  made  up  of  nearly  pure 
oxygen,  and  of  a  very  small  amount  of  steam. 

It  is  felt  that  calcination  is  terminated  once  the 
temperature  in  the  mass  of  the  charge  reaches  350° C. 

UO3  produced  by  calcination  is  reddish  in  the 
zones  where  the  temperature  remained  in  the  vicinity 
of  350° C,  and  a  dark  greenish-brown  in  the  zones 
where  the  temperature  was  much  higher. 

This  characteristic  coloring  makes  it  possible  to 
make  a  distinction  between  the  products  which, 
following  reduction,  will  give  a  slightly  pyrophoric 
UO2  which  is  friable  and  contains  no  hard  grains. 
When  UO3  is  orange  or  of  a  lighter  greenish-brown, 
it  contains  hard  grains  (sintering)  and  gives,  follow- 
ing reduction,  a  substantially  more  pyrophoric  UO2 
which  also  contains  hard  grains.  Sintering  and  pyro- 
phorism  of  the  final  UO2  depends  mostly  on  the 
nature  of  the  j>eroxide  from  which  one  starts,  name- 
ly on  the  conditions  under  which  this  peroxide  was 
obtained  at  the  commencement  of  the  chemical  treat- 
ment. 

Reduction 

The  oven  which  contains  the  calcinated  product 
is  then  scavenged  with  nitrogen  before  the  hydrogen 
needed  for  reduction  is  introduced. 

Reduction  can  be  carried  out  over  a  wide  tempera- 
ture range.  We  worked  between  500  and  600° C,  where 
the  reaction  is  rapid  and  complete. 

The  rate  of  the  reaction  is  not  very  sensitive  to 
the  composition  of  the  gas  mixture,  when  working 
with  hydrogen  and  nitrogen. 

It  is  possible  to  work  with  relatively  thick  charges, 
but  several  considerations  led  us  to  reduce  the  thick- 
ness of  it  to  a  few  centimeters. 

Where  UO2  must  be  taken  out  of  the  oven  follow- 
ing reduction,  the  oven  is  charged  with  CO2  after 
complete  cooling  off.  This  makes  it  possible  to  avoid 
the  firing  of  slightly  pyrophoric  charges  of  UO2. 
When  the  UO2  is  truly  pyrophoric,  this  precaution 
is  insufficient  to  avoid  reoxidation  of  UO2  during 
the  unloading  of  the  oven. 

Pyrophoric  UO2  is  particularly  unsuited  for  the 
techniques  where  UO2  is  exposed  to  air,  before  it  is 
subjected  to  fluorination. 

Fluorination  of  UO2  to  UF4 

In  our  pilot  plant,  fluorination  was  carried  out 
according  to  two  different  methods,  the  industrial 
conditions  of  which  we  studied  with  great  care, 
namely :  indirect  ammonium  hydrogen  fluoride  fluori- 
nation, and  direct  fluorination  by  anhydrous  hydro- 
fluoric acid  gas. 

We  shall  give  a  short  description  of  each  of  the 
methods. 

Indirect  Fluorination  with  Ammonium  Hydrogen 
Fluoride 

The  method  has  its  origin  in  the  work  of  Professor 
Decroly  and  his  group,  at  Brussels  University.  It  has 
been  adequately  described  in  the  patents  and  in  the 
literature.  Therefore,  we  shall  but  briefly  list  its 
characteristics. 


It  is  characterized  by  the  use  of  ammonium  hydro- 
gen fluoride  (NH4HF2)  as  a  fluorinating  agent. 
Uranium  dioxide  UO2  also  is  transformed  into  a 
double  fluoride  of  uranium  and  ammonium.  The 
double  fluoride  then  is  decomposed  under  vacuum 
to  uranium  tetrafluoride  UF4,  and  to  a  neutral  fluo- 
ride which  is  retrans formed  into  an  acid  fluoride  of 
ammonia  which  can  be  recycled. 

Preparation  of  the  Double  Fluoride 

The  finely  crushed  ammonium  hydrogen  fluoride 
is  intimately  mixed  with  UC>2  in  the  mixing  drum. 
The  mixture  is  charged  in  small  containers  and 
heated  in  a  vertical  fluorination  oven,  at  a  tempera- 
ture higher  than  the  melting  point  (125°C)  of  am- 
monium hydrogen  fluoride. 

Besides  the  steam  and  ammonia  liberated  by  the 
reaction,  a  part  of  the  bifluoride  also  is  evaporated. 

Decomposition  of  the  Bifluoride 

Once  fluorination  is  terminated,  the  charge  which 
consists  essentially  of  slightly  wet  double  fluoride, 
is  tranported  to  the  decomposition  oven.  This  oven 
is  equipped  with  a  vacuum  pump  capable  of  estab- 
lishing a  vacuum  of  a  few  microns.  The  heating 
curve  is  adjusted  according  to  the  pressure  inside 
the  oven;  this  pressure  also  makes  it  possible  to 
determine  when  the  operation  ends. 

When  heating,  it  is  necessary  to  allow  for  the 
release  of  steam  which  causes  partial  hydrolysis  of 
UF4  at  the  surface  of  the  charge. 

The  product  obtained  is  powdery  and  can  readily  be 
unloaded;  no  difficulty  is  encountered  during  the 
reduction  with  calcium,  since  its  nitrogen  content 
is  less  than  15  ppm,  and  humidity  under  02%. 

Direct  Fluorination  by  Anhydrous 
Hydrofluoric  Acid  Gas 

Direct  fluorination  is  simpler  than  the  bifluoride 
technique,  since  the  UO2  is  transformed  directly  to 
UF4  by  hydrofluoric  acid  gas  according  to  the  re- 
action : 

U02  +  4HF-*  UF4  +  2H20 

Although  anhydrous  hydrofluoric  acid  gas  is  a 
very  corrosive  and  dangerous  reagent,  it  can  be 
stated  that  an  installation  which  operates  with  hydro- 
fluoric acid  is  not  much  more  dangerous  that  one 
using  another  fluorination  reagent,  once  the  tech- 
niques have  been  mastered  which  make  the  com- 
pletely safe  handling  of  the  reagent  possible. 

The  four  operations:  drying,  calcination,  reduc- 
tion and  fluorination,  are  carried  out  in  the  same 
type  of  vertical  oven  (bell  oven),  the  container  of 
which  is  filled  with  special  pellets  carrying  the 
charge. 

In  the  course  of  drying  and  calcination,  there  is 
no  communication  between  the  containers,  the  steam 
and  oxygen  are  evacuated  to  the  outside. 

Reduction  and  fluorination  are  conducted  in  the 
following  manner:  several  containers  are  connected 
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in  series,  in  order  to  obtain  a  utilization  of  the  hy- 
drogen and  hydrofluoric  acid  as  complete  as  possible. 
During  fluorination,  anhydrous  hydrofluoric  acid  is 
let  in  the  first  container,  the  charge  of  which  is  to  be 
completely  fluorinated ;  the  others  are  used  to  recover 
the  hydrofluoric  acid. 

The  working  temperature  of  the  various  ovens 
depends  on  the  position  of  the  container  in  the  gas 
circuit. 

When  fluorination  is  accomplished  in  the  first  con- 
tainer, the  hydrofluoric  acid  is  let  into  the  next, 
while  a  new  container,  which  contains  freshly  re- 
duced UO2,  is  placed  at  the  end  of  the  hydrofluoric 
acid  circuit. 

Following  fluorination,  the  containers  are  opened 
and  unloaded  in  a  separate  well  ventilated  hall,  where 
all  precautions  have  been  taken  to  guarantee  person- 
nel safety. 

Reduction  of  Uranium  Tetrafluoride  by  Calcium 

The  uranium  tetrafluoride  which  wre  obtained  in 
the  stage  just  described,  is  always  finely  powdered, 
and  requires  no  preliminary  crushing  before  calcio- 
thermal  reduction. 

The  calcium  utilized  as  a  reducing  agent  is  in  the 
form  of  fine  chips. 

This  reagent  must  be  very  pure.  The  presence  of 
nitrogen  and  magnesium  accounts  for  the  sometimes 
violent  course  of  the  reaction.  On  the  other  hand, 
if  calcium  contains  manganese,  this  will  pass  into 
the  uranium,  which  is  inconvenient,  since  its  capture 
cross  section  for  slow  neutrons  is  very  high. 

The  uranium  tetrafluoride  is  in  the  form  of  a  fine 
dust  and  it  is  mixed  with  calcium  under  a  hood.  The 
loading  of  the  reactor  and  calcio-thermal  operation 
are  also  carried  out  under  a  fume  removing  hood. 
The  workers  carry  special  clothes  and  masks,  in 
order  to  protect  them  against  the  dust. 

The  reduction  of  uranium  tetrafluoride  is  carried 
out  in  the  open  air,  in  a  reactor  which  has  been  cov- 
ered with  suitably  tamped  powdered  fluorite.  The 
collecting  crucible  is  at  the  bottom  of  the  reactor,  in 
which  the  metal  gathers  as  it  separates  from  slag. 

The  crucibles  are  pressed  vessels,  sintered  at 
850°  C  for  20  minutes.  Some  techniques  also  have 
been  developed  to  make  crucibles  and  sintered  fluo- 
rite vessels  without  pressing.  The  mixture  of  uran- 
ium tetrafluoride  and  calcium  chips,  which  contain 
approximately  a  20%  excess  of  the  reducing  agent, 
is  placed  in  the  reactor  in  such  a  way  that  the  two 
constituents  of  the  charge  do  no  segregate.  When 
the  weight  of  the  ingots  to  be  cast  is  fairly  low 
(about  20  kg  for  example),  it  is  appropriate  to  add 
a  small  amount  of  iodine  to  the  part  of  the  charge 
which  is  in  the  collecting  crucible,  at  the  bottom 
of  the  reactor.  The  purpose  of  this  added  iodine  is 
to  improve  locally  the  fluidity  of  the  slag  at  the 
beginning  of  the  reaction,  and  to  increase  the  amount 
of  heat  released  in  the  small  amount  of  charge  which 
is  in  the  crucible.  The  use  of  iodine  is  not  necessary 
when  the  ingots  are  bigger  (over  40  kg). 


The  reaction  is  started  by  a  mixture  of  magne- 
sium and  sodium  peroxide  chips.  This  inflammable 
mixture  is  lit  with  magnesium  tape,  started  with  a 
torch.  Remote  devices  can  be  used  for  large  charges. 

Since  the  humidity  of  the  tetrafluoride  is  less  than 
0.15%  and  the  reactor  is  vacuum  dried  before  opera- 
tion, there  is  very  little  sputtering.  The  few  projec- 
tions at  the  beginning  of  the  reaction  are  due  to  the 
inflammable  mixture. 

The  reaction  is  rapid  and  lively. 

Once  the  reaction  is  finished,  the  reactor  is  closed, 
and  evacuated  and  the  argon  admitted,  so  that  the 
metal  can  cool  off  in  the  absence  of  oxygen,  nitrogen 
and  atmospheric  humidity. 

Cooling  is  very  slow.  Once  that  is  finished,  the 
impurities  above  the  uranium  ingots,  in  the  crucible, 
are  taken  out. 

After  taking  out  of  the  oven,  the  ingots  are  care- 
fully washed  and  cleaned. 

A  sample  is  taken  from  each  ingot  and  sent  to  the 
laboratory  for  estimation  of  the  impurities. 

The  uranium  yield  from  the  calcium  reduction  is 
close  to  98% ,  and  improves  as  the  weight  of  the 
ingots  increases. 

The  impurities  consist  of  two  layers;  a  greenish 
brown  upper  one,  very  poor  in  uranium  which  con- 
tains a  few  hundredths  of  one  per  cent  of  uranium ; 
and  a  lower  part,  which  is  dark,  much  richer,  and 
contains  up  to  10%  of  uranium.  These  are  difficult 
to  separate.  They  arc*  sent  back  for  chemical  proc- 
essing, and  recovery  of  the  uranium. 

Vacuum  Melting  of  the  First  Uranium  Produced 

This  operation  permits  the  elimination  at  least  in 
part,  of  some  impurities  such  as  hydrogen,  oxygen 
and  nitrogen.  Hydrogen  and  nitrogen  have  an  ab- 
sorption cross  section  for  thermal  neutrons  which 
is  fairly  large;  on  the  other  hand,  hydrogen  has 
brought  about  the  breaking  of  the  cladding  in  some 
nuclear  reactors.  Vacuum  casting  also  permits:  (1) 
the  elimination  of  traces  of  impurities  carried  into 
the  metal  during  the  calcio-thermal  reduction;  (2) 
the  casting  of  rods  which,  following  machining  and 
cladding,  can  be  used  in  nuclear  reactors;  (3)  the 
casting  of  ingots  which,  from  the  outset,  have  the 
dimensions  required  for  rolling,  forging,  extrusion 
or  die  casting. 

Fusion  is  carried  out  in  a  graphite  crucible  or 
alumina  crucible,  extended  by  a  graphite  sleeve,  the 
purpose  of  which  is  to  avoid  a  break  in  the  alumina 
crucible  by  thermal  shock.  The  alumina  crucible  is 
surrounded  by  a  graphite  one :  it  does  not  enter  into 
direct  contact  with  the  latter,  but  is  separated  from 
it  by  a  thin  sheet  of  molybdenum.  Thus,  reduction 
of  the  alumina  by  the  graphite  in  vacuum  is  avoided, 
a  reaction  which  releases  CO  and  may  thus  create 
oxidation  of  the  melted  uranium,  and  formation  of 
carbide  in  it. 

The  moulds  are  made,  either  of  graphite  or  steel 
(ordinary  steel  or  preferably  stainless  steel).  The 
surface  of  the  moulds  is  polished  or  equipped  with 
a  "mould  dressing." 
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Heating  is  by  induction,  the  frequency  used  being 
such  that  an  important  fraction  of  the  heat  is  devel- 
oped direct  in  the  metal,  and  that  the  turbulence  cre- 
ated in  the  mass  of  the  melted  metal  makes  degassing 
easier. 

The  bath  is  purified  before  casting.  This  is  done 
by  tilting  the  induction  coil  which  carries  the  cruci- 
ble, but  it  can  also  be  done  by  means  of  a  plug  at 
the  bottom  of  the  crucible  (bottom-pouring). 

The  ingots  thus  obtained  are  sent  to  another  de- 
partment for  subsequent  mechanical  transformation 
of  the  metal  to  the  dimensions  required  by  the  nu- 
clear reactors  for  which  they  will  be  used.  Descrip- 
tion of  the  mechanical  transformation  operations 
is  not  included  as  it  does  not  fall  within  the  scope  of 
this  paper. 


CONCLUSIONS 

Belgium  will  soon  have  an  industrial  installation 
for  the  production  of  nuclear  purity  natural  uranium. 
The  processing  techniques  to  be  applied  are  inspired 
by  those  generally  used  in  other  producing  countries. 

The  merit  of  our  technicians  is  that,  in  the  absence 
of  reliable  information  on  the  subject  matter,  they 
developed  and  applied  methods,  some  of  which  prob- 
ably are  original.  * 

The  high  assay  of  the  raw  material  with  which 
we  begin,  the  operating  techniques,  the  high  degree 
of  automation  and  the  capacity  of  the  installation 
warrant  the  statement  that  the  cost  will  be  competi- 
tive. We  hope  it  will  be  an  important  contribution 
to  the  efforts  aiming  at  the  utilization  of  nuclear 
energy. 


The  Preparation  of  Uranium  Metal  by  the  Reduction 
of  Uranium  Tetrafluoride  with  Magnesium 


By  H.  A.  Wilhelm,*  USA 

This  article  is  based  on  experiments,  studies  and 
observations  made  in  connection  with  the  develop- 
ment and  operation  of  a  large-scale  low-cost  process 
for  the  production  of  high  purity  uranium  metal. 
The  work  leading  to  this  process  was  begun  early 
in  1942  by  scientists  at  Iowa  State  College  as  a  part 
of  the  pressing  atomic  energy  effort  of  the  nation 
at  that  time.  Details  relative  to  the  resulting  process 
and  certain  special  purpose  variations  are  presented. 

A  survey  of  the  available  literature  in  1942  re- 
vealed that  uranium  metal  could  be  prepared  by  any 
one  of  a  number  of  methods.  Laboratory  tests  on 
some  of  the  more  promising  of  these  methods  for 
production  were  subsequently  reproduced.  These 
tests  showed,  however,  that  the  methods  described 
in  the  literature  either  gave  poor  quality  uranium 
metal  or  left  much  to  be  desired  processwise  for  a 
large-scale  low-cost  operation.  These  conditions  war- 
ranted an  exploratory  effort  directed  toward  the 
development  of  new  methods  for  the  preparation  of 
uranium  metal.  A  process  employing  the  reduction 
of  uranium  tetrafluoride  with  calcium  was  our  first 
major  step  in  the  desired  direction.  This  process 
was  soon  followed  by  the  development  of  the  method 
for  producing  uranium  metal  from  uranium  tetra- 
fluoride with  magnesium. 

When  the  program  on  atomic  energy  in  the  USA 
was  expanded  early  in  1942,  there  were  two  pro- 
ducers of  uranium  metal  operating  on  a  small  scale 
in  America.  One  producer  used  calcium  hydride  for 
the  reduction  of  uranium  oxide.  The  mixture  of 
UO2  and  CaH2  was  placed  in  a  steel  cylinder  inside 
a  retort  which  was  heated  to  960°  C.  After  the  reac- 
tion occurred,  the  charge  was  allowed  to  cool  under 
a  vacuum  to  eliminate  the  hydrogen.  The  product 
of  the  primary  reaction  was  a  sintered  clinker,  which 
which  was  then  crushed  to  a  powder.  This  powder 
was  subsequently  leached  with  dilute  acetic  acid, 
washed,  dried,  briquetted  and  sintered  to  form  a  fairly 
dense  metal.  This  uranium  was  rather  impure  and 
contained  considerable  oxide. 

The  other  producer  employed  an  electrolytic  pro- 
cess in  which  either  KUF5  or  UF4  was  dissolved  in 
a  fused  salt  mixture  of  80%  CaCl2  and  20%  NaCl 
in  a  graphite  crucible.  This  crucible  served  as  the 
anode  and  the  uranium  was  electrolyzed  out  in  the 
form  of  a  granular  deposit  on  a  central  molybdenum 
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cathode.  A  temperature  of  about  900°  C  was  em- 
ployed for  the  fused  salt  electrolyte  in  order  to  pro- 
duce coarser,  less  pyrophoric  metal.  The  uranium 
was  subsequently  leached,  dried,  briquetted  and 
melted  and  cast  in  beryllia  crucibles  to  give  good 
quality  metal. 

Neither  of  these  two  methods  met  all  of  the  de- 
sired requirements  as  processes  for  large-scale  low- 
cost  production  of  high  purity  uranium  metal.  Pro- 
duction was  stepped  up,  however,  by  both  of  these 
methods  beginning  early  in  1942  and  plans  for  even 
larger  expansion  of  the  electrolytic  plant  were  shap- 
ing up  when  the  practicability  of  the  uranium  tetra- 
fluoride-calcium  process  was  demonstrated. 

Efforts  on  the  UF4-Ca  process  were  expanded 
and  a  few  tons  of  the  metal  were  produced  in  the 
chemistry  laboratories  at  Iowa  State  College  during 
the  latter  half  of  1942  while  a  separate  building  on 
the  campus  was  being  remodeled  and  furnished  to 
serve  as  a  small  production  plant.  Meanwhile,  efforts 
were  also  directed  toward  the  experimental  develop- 
ment of  the  process  employing  magnesium  in  place 
of  calcium ;  and  as  a  result  early  in  1943  all  uranium 
metal  production  was  converted  from  the  calcium  to 
the  magnesium  reduction  of  the  tetrafluoride. 

This  first  uranium  metal  production  plant  employ- 
ing the  UF4Mg  process  served  not  only  to  supply 
metal  for  experiments  and  for  charging  atomic  piles 
but  also  served  as  a  pilot  plant  where  industrial  tech- 
nicians could  inspect  the  process  in  operation  and 
gain  information  for  planning  similar  production 
plants  elsewhere.  The  process  proved  to  be  one  that 
could  be  readily  expanded  and  it  gave  high  purity 
uranium  at  a  low  cost.  Over  a  thousand  tons  of 
uranium  metal  billets  were  shipped  from  the  produc- 
tion plant  (see  Fig.  1)  on  the  campus  before  industry 
took  over  uranium  metal  production  entirely. 

THE  REACTION 

There  are  certain  advantages  in  using  magnesium 
instead  of  calcium  for  the  reduction  of  UF4.  The 
purity  of  the  uranium  metal  product  depends  largely 
on  the  purity  of  the  materials  that  go  into  the  charge 
and  the  materials  that  the  metal  contacts  before 
solidification.  Commercial-grade  magnesium  gener- 
ally has  less  examination  than  commercial  distilled 
calcium  with  regard  to  undesirable  elements  that 
might  contaminate  the  uranium.  Furthermore,  the 
weight  of  calcium  required  to  reduce  a  pound  of 
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Figure    1.  First    large-scale    uranium    metal    production 
plant   in    America 

uranium  is  about  1.6  times  as  great  as  the  weight  of 
magnesium  required  for  the  same  reduction.  In 
addition,  the  cost  per  pound  of  the  calcium  may  be 
rive  to  ten  times  the  cost  per  pound  of  magnesium. 
These  factors  as  well  as  relative  availability  favored 
magnesium  and  made  it  desirable  to  explore  the 
possibility  of  working  out  conditions  for  using  mag- 
nesium instead  of  calcium  in  the  reduction  of  UF4. 

Some  of  the  requirements  of  the  operating  condi- 
tions necessary  to  achieve  the  desired  results  in  the 
magnesium  reduction  can  be  introduced  by  first  con- 
sidering the  well-known  process  of  reducing  UF4 
with  calcium.  If  a  mixture  of  UF4  and  excess  Ca 
metal  at  room  temperature  is  ignited  at  some  point 
by  means  of  a  hot  wire  or  a  fuse,  the  reaction  is 
propagated  rapidly  throughout  the  entire  charge.  The 
heat  of  the  reaction  is  sufficient  to  heat  both  prod- 
ucts, uranium  metal  and  calcium  fluoride,  to  a  tem- 
perature well  above  their  melting  points.  The  liquid 
products  then  separate  readily  because  of  the  differ- 
ence in  their  densities. 

The  heat  generated  by  the  reaction  between  UF4 
and  magnesium  metal  is  about  45  kcal  less  per  gram- 
atom  of  uranium  formed  than  by  the  corresponding 
reaction  employing  calcium  metal.  The  melting  point 
of  MgF2  differs  only  slightly  from  that  of  CaF2. 
Experimentally,  it  has  been  found  that  the  heat  gen- 
erated during  the  reduction  with  magnesium  is  not 
adequate,  by  itself,  to  give  the  necessary  fusion  of 
the  products.  If  heat  is  added,  however,  to  the  charge 
before  or  during  the  reaction,  the  necessary  tempera- 
ture for  fusion  and  separation  may  be  attained  in 
the  magnesium  process. 

This  heat  can  be  added  by  mixing  in  the  charge 
an  agent  which  affords  an  auxiliary  reaction  that 
generates  excess  heat  on  its  own  to  serve  as  a  ther- 
mal booster  to  the  main  reaction.  If  such  a  charge 
containing  adequate  booster  at  room  temperature  is 
ignited  by  a  hot  filament,  the  reactions  will  proceed 
spontaneously  and  give  massive  metal  well  separated 
from  the  slag.  A  mixture  containing  7  mols  of  UF4 
to  1  mol  of  KC1O3  and  a  small  excess  of  magnesium 
will  behave  in  this  manner. 

A  more  convenient  method  of  accomplishing  this 
same  objective  is  to  preheat  the  unadulterated  charge 


of  UF4  and  Mg  to  ignition.  The  heat  added  to  the 
charge  before  ignition  and  that  of  the  reduction 
reaction  together  can  be  sufficient  to  yield  the  prod- 
ucts in  the  desired  molten  condition. 

In  the  calcium  reduction,  the  charge  can  be  placed 
in  an  open  vessel  and  very  little  calcium  metal  will 
be  lost  by  vaporization  during  the  reaction.  How- 
ever, in  the  magnesium  reduction  the  boiling  point 
of  the  magnesium  metal  is  well  below  the  melting 
point  of  the  slag,  making  it  essential  that  the  reac- 
tion by  this  process  be  carried  out  in  a  closed  vessel. 
The  vapor  pressure  of  excess  magnesium  metal  at 
the  peak  temperature  is  well  above  one  atmosphere 
and  this  pressure  tends  to  drive  the  chemical  reaction 
in  the  desired  direction. 

The  reaction  between  uranium  tetrafluoride  (green 
salt)  and  magnesium  metal, 

UF4  +  2Mg^±U  +  2MgF2 

when  carried  out  under  proper  conditions  in  a  closed 
vessel  will  then  generate  sufficient  heat  to  reach  a 
temperature  at  which  the  products  of  the  reaction 
are  molten.  The  dense  liquid  uranium  metal  collects 
to  form  a  regulus,  with  the  molten  magnesium  fluo- 
ride slag  on  top.  After  allowing  the  products  to  cool 
to  near  room  temperature,  the  reaction  vessel  can 
be  opened  and  the  massive  metal  recovered. 

THE  REACTION  BOMBS 

The  reaction  vessels  employed  in  the  very  early 
experiments  were  made  from  iron  pipe  of  diameters 
up  to  four  inches  and  in  lengths  of  six  to  twelve 
inches.  However,  for  the  various  stages  of  the  work 
described  here,  the  vessels  were  made  from  sections 
of  standard-wall  seamless  pipes  that  ranged  in  sizes 
from  six  to  thirteen  inches  inside  diameter.  The 
lengths  of  these  pipe  sections  ranged  from  about  36 
inches  to  45  inches,  with  the  greater  lengths  gene- 
rally employed  with  the  larger  diameters.  A  com- 
panion flange  was  attached  at  one  end  of  the  pipe 
section  and  a  welded-in  steel  plate  closed  the  other 
end  to  form  a  crucible.  A  blind  flange  was  bolted  to 
the  companion  flange  for  closing  this  crucible,  which 
was  then  referred  to  as  a  bomb. 

As  experience  was  gained  on  small  scale  reduc- 
tions and  as  more  materials  became  available,  the 
larger  sizes  of  bombs  were  cautiously  tried  for  the 
reductions.  Only  a  few  experimental  reductions  were 
made  in  four-inch-diameter  bombs.  A  rather  large 
tonnage  of  metal  was  produced  by  reductions  in  six- 
inch-diameter  bombs,  36  inches  in  length.  The  size 
of  charge  was  stepped  up  for  a  few  eight-inch  bomb 
reductions  before  increasing  the  bomb  size  to  ten 
inches  in  diameter  by  42  inches  in  length  for  further 
tonnage  production.  The  regulus  of  massive  uranium 
metal  produced  in  a  bomb  reduction  was  referred 
to  as  a  "biscuit."  Biscuits  were  obtained  in  good 
yields  from  charges  containing  56  pounds  of  UF4 
in  the  six-inch  bombs,  180  pounds  of  UF4  in  the 
ten-inch  bombs  and  318  pounds  of  UF4  in  the 
thirtcen-inch  inside-diameter  bombs.  An  average  of 
98.3%  yield  of  biscuit  metal  was  produced  in  the 
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thirteen-inch  bombs  after  determining  their  proper 
operating  conditions.  The  six-inch  and  ten-inch 
bombs  also  yielded  about  98%  of  biscuit  metal  under 
favorable  conditions.  Since  our  plant  grew  up  from 
a  laboratory  scale  it  was  not  highly  mechanized  for 
handling  the  larger  biscuits  and  only  rather  limited 
special  production  was  carried  out  in  bombs  larger 
than  ten-inch  diameter. 

LINING  THE  BOMB 

A  rather  high  temperature  is  reached  by  the  prod- 
ucts of  the  reduction  reaction  and  it  is  necessary 
that  interaction  between  the  charge  and  the  steel 
bomb  be  prevented.  A  finely  ground  refractory  ma- 
terial is  used  as  a  bomb  liner  to  keep  the  molten 
mass  and  the  magnesium  vapor  from  attacking  the 
bomb  walls.  Such  attack  would  cause  contamination 
of  the  uranium  and  possible  failure  of  the  bomb. 
The  quality  of  this  liner  material  and  care  in  the 
lining  operation  are  very  important  to  the  success 
of  the  reduction. 

The  lining  operation  starts  with  placing  the  empty 
bomb  crucible  on  an  air-operated  jolting  table.  Suf- 
ficient powdered  refractory  is  placed  in  the  crucible 
to  form  a  layer  about  one  inch  thick  on  the  bottom. 
This  is  jolted  for  a  few  minutes  and  the  operation 
stopped.  A  mandril,  preferably  made  from  metal 
tubing  and  closed  on  the  ends,  is  inserted  in  the 
crucible  and  rests  on  this  bottom  liner.  The  mandrils 
for  the  larger  crucibles  are  an  inch  or  so  less  in 
diameter  at  the  bottom  than  the  inside  diameter 
of  the  crucibles-  These  mandrils  are  tapered  slightly, 
being  a  fraction  of  an  inch  larger  in  diameter 
at  the  top.  The  mandril  is  centered  in  the  crucible 


and  then  more  refractory  liner  material  is  introduced 
into  the  annular  space  between  the  mandril  and  the 
crucible  wall.  This  loose  refractory  is  jolted  down 
and  more  is  added  (see  Fig.  2)  until  the  entire 
annular  space  is  filled.  The  top  region  of  the  refrac- 
tory liner  is  further  rammed  by  means  of  a  weighted 
metal  cylinder  that  fits  in  the  annular  space  at  top. 
During  the  jolting  operation  it  is  essential  to  main- 
tain the  mandril  in  the  center  of  the  crucible  for 
uniform  wall  thickness  and  also  not  to  allow  it  to 
sink  and  thus  produce  a  thin  liner  on  the  bottom. 
The  mandril  is  constructed  with  a  small  plug  that 
fits  flush  on  the  bottom  face  of  the  mandril.  This 
plug  is  attached  to  a  rod  which  protrudes  at  the  top 
of  the  mandril.  Removal  of  this  plug  allows  air  to 
enter  at  the  bottom  as  the  mandril  is  slowly  and 
carefully  removed  from  the  lined  crucible  (see  Fig. 
3 ) .  A  properly  lined  crucible  will  have  a  lining  that 
is  strong  and  difficult  to  impress  with  the  fingers  (see 
Fig.  4). 

CHARGING  AND  CLOSING  THE  BOMB 

Proper  amounts  of  finely  ground  UF4  and  granu- 
lar magnesium  are  thoroughly  mixed  in  preparing 
the  charge.  This  mixed  charge  is  emptied  from  the 
mixer  into  the  refractory-lined  crucible  through  a 
funnel.  The  charge  is  rammed  down  with  care  ( see 
Fig.  5)  so  as  not  to  disturb  the  liner.  The  amount 
of  the  charge  is  controlled  so  that  it  fills  the  crucible 
to  about  three  inches  from  the  top. 

A  thick  graphite  disc  (or  cake)  slightly  larger 
in  diameter  than  the  lined  cavity  above  the  charge  is 
then  forced  down  on  top  of  the  charge  (see  Fig.  6). 
The  top  section  of  the  liner  above  the  charge  is  then 


Figure  2.  Adding   refractory  during   jolt-packing  of  the   liner 


Figure  3.  Removing    mandril   from    lined   crucible 
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Figure  4.  The  refractory  liner 

rt ....  and  packed  by  hand  to  cover  the  graphite 

disc,  or  cake,  with  the  liner  material.  A  straight  edge 
is  then  used  to  level  off  the  liner  top  even  with  the 
machined  surface  of  the  companion  flange  (see  Fig. 
7).  The  machined  face  of  a  blind  flange  is  then  bolted 
in  place  on  the  machined  surface  of  the  companion 
flange.  No  gasket  material  is  used.  The  charged  bomb 
is  then  placed  in  a  furnace,  or  heat  soaking  pit  (see 
Fig.  8),  to  initiate  the  reaction,  or  to  fire. 


THE  BOMB  FURNACE  AND  FIRING  TIME 

One  design  of  furnace  that  serves  quite  well  for 
the  uranium  reduction  process  is  shown  by  the  draw- 
ing in  Fig.  9.  It  is  gas  fired  and  has  its  top  at  floor 
level.  The  particular  drawing  shows  a  two-bomb 
capacity  section  of  such  a  furnace  that  may  extend 
for  a  number  of  such  sections.  Only  one  bomb  is 
shown  in  position. 

The  furnace  temperature  for  *est  operation  will 
depend  on  a  number  of  factors  such  as  size  of  bomb, 
rate  of  furnace  recovery  on  introduction  of  a  cold 
bomb,  point  at  which  temperature  is  measured  and 
other  factors  associated  with  the  bomb  lining  and 
charge.  The  optimum  temperature  of  operation  will 
generally  be  within  the  range  of  550° C  to  700° C 
with  the  thermocouples  positioned  as  in  Fig.  9.  The 
time  required  for  the  reaction  to  initiate  will  usually 
be  longer,  the  larger  the  bomb  and  the  lower  the 
furnace  temperature.  As  much  as  three  and  a  half 
hours  are  required  for  ignition  to  take  place  in  the 
thirteen-inch  diameter  bombs  with  the  furnace  tem- 
perature at  565  °C  while  the  ten-inch  bombs  require 
about  two  and  a  half  hours  and  the  six-inch  size 
about  one  and  a  half  hours  with  the  furnace  oper- 
ating at  the  same  temperature. 

When  the  reaction  takes  place,  sufficient  agitation 
of  the  bomb  occurs  for  a  contact  microphone  on  the 
opposite  end  of  the  reaction  indicator  rod  (see  Fig, 
(M  to  indicate  the  event.  After  a  minute  the  reac- 
tion is  essentially  settled  and  the  entire  metal  phase 


Figure  5.  Ramming  charge   with   funnel 


Figure  6.  Covering    charge    with    thick    graphite   cake 


166 


VOL.  VIII          P/817          USA          H.  A.  WILHELM 


Figure  7.   Liner   on    top    of   graphite    cake    leveled    off 
and   ready   for  cover  flange 

may  remain  molten  for  at  least  ten  minutes  in  the 
larger  sizes  of  bombs. 

UNLOADING  THE  BOMB 

After  the  reaction  has  subsided  the  bomb  is 
removed  from  the  furnace  and  allowed  to  cool  in 
an  upright  position  in  air  until  its  temperature  is 
near  that  of  boiling  water.  It  is  then  sprayed  on 
the  sides  with  cold  water  until  its  contents  are  near 
room  temperature.  The  cover  plate  is  then  removed 
and  the  bomb  inverted  on  a  jolting  table  to  remove 
the  metal  biscuit,  the  slag  and  the  liner. 

Adhering  slag  is  then  broken  or  chipped  loose  and 
the  cleaned  metal  is  weighed  and  delivered  to  the 
casting  room.  The  bomb  crucible  is  cleaned  and 
returned  to  the  loading  line  for  another  charge. 

QUALITY  OF  MATERIALS 

In  the  calcium  reduction  of  uranium  tetrafluoridc 
there  is  sufficient  heat  and  driving  power  for  the 
reaction  that  preheating  of  the  charged  bomb  is  not 
necessary,  and  good  yields  of  biscuit  metal  can  be 
obtained  with  relatively  low-grade  liner  material  and 
low-grade  uranium  tetrafluoride.  However,  in  the 
magnesium  reduction,  especially  by  the  preheat  pro- 
cess, the  yield  of  metal  and  degree  of  slag  separation 
are  sensitive  to  the  qualities  of  materials  employed. 

The  specifications  for  the  uranium  tetrafluoride 
(green  salt),  the  liner  material  and  the  magnesium 
metal  are  dependent  upon  the  yield  and  quality  of 


Figure  8.  Charged  bomb  in  furnace.  Reaction  indicator 
rod  at  left  on  bomb  lid 

metal  that  are  acceptable.  For  example,  suppose  that 
the  green  salt  that  is  readily  available  analyzes  96% 
UF4.  It  is  an  experimental  fact  that,  other  things 
being  equal,  a  higher  percentage  of  UF4  gives  a 
better  yield  of  final  metal.  Whether  or  not  this  pos- 
sible increase  in  metal  yield  would  warrant  the  extra 
treatment  necessary  in  making  the  better  grade  of 
UF4  will  depend  on  economic  factors  that  exist  at 
the  particular  location. 

Some  of  the  factors  to  be  considered  in  choosing 
materials  for  this  process  are  given  here. 

The  Green  Salt 

Uranium  tetrafluoride  can  be  produced  from  UC>2 
and  other  compounds  of  uranium  by  a  number  of 
processes.  Regardless  of  the  process  employed  in  its 
manufacture,  there  are  a  few  common  qualities  of 
the  green  salt  that  should  be  considered  as  bearing 
upon  its  behavior  and  metal  yield  and  quality. 

It  is  quite  obvious  that  certain  elements  if  present 
in  the  green  salt  would  be  carried  into  the  biscuit 
metal  and  be  present  as  impurities  in  the  final  metal. 
Uranium  ore  processing  and  purification  by  liquid- 
liquid  extraction,  as  described  elsewhere  in  the  Pro- 
ceedings of  this  Conference,  are  sufficiently  developed 
to  give  high  purity  UO2  and  other  intermediates. 
Impurities  of  the  type  considered  here  that  are  car- 
ried by  UF4  would  most  likely  come  from  reagents 
and  equipment  employed  in  the  conversion  of  these 
intermediates. 
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High  moisture  is  detrimental  in  the  charge  regard- 
less of  its  source.  It  may  cause  side  reactions  and 
lower  the  yield  and  quality  of  the  product.  Further- 
more, if  a  large  amount  of  H2O  is  present  when  the 
reaction  fires,  the  resulting  gas  pressure  may  be  suf- 
ficient to  cause  failure  of  the  bomb. 

The  oxygen  content  of  dry  green  salt  may  be  in 
the  form  of  UO2F2  or  perhaps  as  UC>2.  The  higher 
the  oxygen  content,  the  lower  the  UF4  content  and, 
other  things  being  equal,  the  lower  the  biscuit  metal 
yield  and  poorer  the  slag  separation.  Green  salt 
analyzing  96%  UF4  can  be  employed  to  give  fair 
yields  of  metal  but  98%  or  higher  UF4  content  is 
preferred. 

The  packing  density  of  the  green  salt  is  a  factor 
that  is  dependent  on  the  method  of  preparation  and 
particle  size.  A  dry-process  UF4  may  have  a  packing 
density  of  greater  than  3.5  gm/cm3  while  a  wet- 
process  UF4  may  have  a  packing  density  of  only 
about  half  this  value.  The  higher  the  packing  den- 
sity, the  greater  the  amount  of  charge  that  can  be 
placed  in  a  certain  volume  and  the  greater  the  amount 
of  heat  developed  per  unit  area  of  container  wall. 
The  charge  with  higher  packing  density  generally 
has  better  heat  conductivity  which  would  result  in 
greater  heat  penetration  into  the  charge  before  the 
surface  reached  ignition  temperature.  For  good  yields 
a  packing  density  of  3.0  gm/cm3  or  greater  is  desired 
for  the  green  salt. 

Related  to  the  packing  density  and  a  factor  to  be 
considered  in  bomb  reductions  of  UF4  with  mag- 
nesium is  the  fineness  of  grind,  or  particle  size  dis- 
tribution. The  particle  size  distribution,  however, 
can  vary  over  rather  wide  limits  without  major 
effects  on  the  behavior  of  the  green  salt.  Green  salt 
that  met  other  qualifications  and  which  came  within 
the  following  ranges  of  sieve  analyses,  reduced  with 
good  yields : 


Standard  sieve  no. 

60 

80 
100 
200 
325 


%  passed 
96  to  99 
91  to  95 
85  to  92 
62  to  75 
52  to  62 


The  Liner  Material 

Since  small  fractions  of  the  impurities  in  a  refrac- 
tory liner  are  picked  up  by  the  metal  during  the 
vigorous  reduction  reaction,  it  is  essential  that  the 
refractory  be  produced  from  good  quality  starting 
materials.  Liner  materials  that  were  successfully 
employed  in  the  early  production  plant  included  dead- 
burnt  high-calcium  lime  and  electrically- fused  dolo- 
mitic  oxide,  both  in  a  fine  state  of  division.  The 
sources  of  limestone  and  dolomite  were  selected  on 
the  basis  of  purity,  and  the  final  refractories  con- 
tained about  500  ppm  iron,  60  ppm  manganese  and 
5  to  10  ppm  boron. 

The  evolution  of  water  or  other  gases  from  the 
liner  before  or  during  the  main  reaction  can  be 
detrimental.  It  is  essential  then  that  the  finely  ground 
liner  material  have  a  low  loss  of  weight  on  ignition 


and  that  it  be  protected  from  picking  up  moisture 
or  gases  before  placing  in  use.  Rapid  evolution  of 
gas  in  the  liner  during  the  reaction  may  cause  large 
amounts  of  the  liner  to  become  mixed  with  the  react- 
ing charge  or  cause  complete  liner  failure  resulting 
in  a  blow-out.  Loss  of  weight  on  ignition  by  the 
two  refractory  materials  mentioned  ranged  from 
0.20%  to  0.90%  for  the  dead-burnt  lime,  while  for 
the  electrically  fused  dolomitic  oxide  the  value  of 
0.24%  was  a  maximum.  Although  the  dead-burnt 
lime  cost  much  less  per  pound,  the  large  variation  in 
its  loss  on  ignition  made  it  the  less  desirable  refrac- 
tory of  the  two. 

Evolution  of  water  vapor  from  the  liner  during 
the  preheat  period  can  cause  side  reactions  that  lower 
the  yield  of  metal.  As  a  charged  bomb  heats  in  the 
furnace  the  liner  gets  hot  first.  If  moisture  is  released 
by  the  liner  it  can  pass  into  the  charge  and  react 
with  the  UF4  to  form  UO2  and  HF.  The  HF  can 
then  return  to  the  liner  and  form  a  fluoride  and 
more  water  to  again  hydrolyze  more  UF4.  The  net 
result  is  a  layer  of  UO2  formed  next  to  the  liner. 
When  the  bomb  fires,  the  magnesium  does  not  effec- 
tively reduce  this  UO2 ;  therefore,  the  yield  of  metal 
is  lowered  by  the  slow  evolution  of  H2O  from  the 
liner.  A  measure  which  tends  to  correct  this  effect  is 
to  add  a  few  per  cent  of  very  fine  magnesium  or 
calcium  metal  to  the  refractory  powder  before  pack- 
ing the  liner.  Then,  as  the  water  is  released  in  the  hot 
liner,  there  is  hot  magnesium  or  calcium  present  to 
react  with  the  water  to  form  hydrogen.  This  hydro- 
gen may  diffuse  out  into  the  charge  and  eventually 
escape  between  the  flanges  at  the  top  of  the  bomb. 

Another  property  which  is  related  somewhat  to 
the  quality  of  liner  that  a  certain  refractory  will 
make  is  the  packing  density.  The  greater  the  sinter- 
ing or  degree  of  fusion  of  the  oxide,  the  greater  its 
packing  density  and  the  more  inert  is  the  material 
to  picking  up  moisture  or  carbon  dioxide.  The  dead- 
burnt  lime  has  a  packing  density  of  about  1.75 
gm/cm3  while  the  electrically-fused  dolomitic  oxide 
has  a  packing  density  of  about  2.0  gm/cm3.  Ordi- 
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Figure  9.  Gas-fired  bomb  furnace 
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nary  high-calcium  lime  and  dolomitic  lime  show 
packing  densities  of  about  1.45  and  about  1.35 
gm/cni3  respectively,  and  they  are  unsatisfactory  as 
liner  materials. 

Although  many  batches  of  the  dead-burnt  lime  did 
perform  very  satisfactorily,  it  was  entirely  replaced 
by  the  electrically- fused  dolomitic  oxide  which  per- 
forms consistently  well.  The  distribution  of  particle 
size  of  the  liner  material  can  vary  over  wide  limits 
and  still  give  a  hard  and  strong  jolt-packed  liner 
that  will  stand  up  well  during  the  reaction.  A  sieve 
analysis  that  represents  a  number  of  batches  of  elec- 
trically fused  dolomitic  oxide  is  given  here. 


US  standard  sieve  no. 

45 

80 
170 
325 


%  passed 

98 
78 
53 
40 


The  Magnesium 

In  the  early  work,  magnesium  available  from  dif- 
ferent manufacturers  was  tested  in  an  attempt  to 
determine  the  source  of  the  best  magnesium  for  use 
in  the  reduction  of  UF4.  A  redistilled  electrolytic 
magnesium,  a  redistilled  carbothermic  magnesium 
and  a  number  of  other  batches  of  magnesium  made 
at  different  plants  employing  the  ferrosilicon  pro- 
cess were  tested. 

Considerable  variation  seemed  to  exist  in  the  re- 
duction behavior  of  all  batches  of  magnesium  metal. 
The  variations  observed  in  the  behavior  of  batches 
from  the  same  producer  were  as  great  as  were 
observed  between  batches  of  magnesium  made  by 
different  processes.  At  the  time  of  these  tests,  the 
quality  of  the  liner  material  and  the  quality  of  the 
green  salt  were  varying  widely.  Much  of  the  scatter 
of  individual  values  in  the  data  obtained  in  the 
magnesium  tests  was,  no  doubt,  attributable  to  the 
other  materials. 

On  the  average,  better  results  were  obtained, 
however,  with  magnesium  from  a  plant  employing 
the  ferrosilicon  process,  so  production  was  stand- 
ardized on  magnesium  from  this  one  source.  The 
magnesium  from  the  selected  source  consistently  met 
all  purity  requirements  as  far  as  the  regular  chemical 
analysis  was  concerned.  This  was  true  also  of  the 
magnesium  made  by  the  other  producers.  Some  dif- 
ferences were  observed  in  the  macrofonns  of  the 
crystals  and  in  the  physical  shapes  of  the  finely 
ground  particles  of  magnesium  from  the  various 
sources.  Neither  of  these  characteristics,  however, 
could  be  related  to  the  performance  of  the  mag- 
nesium in  the  reduction.  The  possibility  existed  that 
the  erratic  behavior  of  different  batches  of  mag- 
nesium even  from  the  same  producer  was  due  to 
variations  in  operations  connected  with  the  process- 
ing at  the  magnesium  metal  plant.  The  temperature 
of  the  metal  when  exposed  to  air  on  removal  from 
the  magnesium  production  retort  as  well  as  pos- 
sible air  leaks  in  the  vacuum  system  might  have 
developed  conditions  that  resulted  in  the  variations 
experienced  here  with  different  batches  of  Mg. 


Most  of  the  magnesium  from  the  selected  source 
was  supplied  in  the  form  of  hollow  cylinders,  or 
muffs,  that  consisted  essentially  of  matted  and  finger- 
like  crystals.  The  muffs  were  about  ten  inches  in 
diameter.  They  were  formed  on  the  condenser  as  the 
crystals  grew  from  the  magnesium  vapors  produced 
in  the  ferrosilicon  reduction  of  magnesium  oxide. 
The  crystal  orientation  in  the  muffs  was  somewhat 
radial  with  little  indication  of  any  tendency  of  the 
crystals  to  grow  together.  The  muffs  were  readily 
broken  into  smaller  pieces  by  blows  with  a  sledge 
hammer.  These  pieces  were  then  cut  to  hand-size 
chunks  on  a  punch  press  fitted  with  a  cutter  blade. 
These  magnesium  chunks  were  passed  over  a  mag- 
netic separator  to  remove  any  tramp  iron  before 
feeding  the  chunks  to  the  next  machine. 

These  chunks  were  reduced  to  pieces  about  one- 
fourth  of  an  inch  in  size  by  a  cutter-type  mill.  The 
cutting  in  the  mill  was  done  by  heavy  knives  mounted 
in  the  face  of  a  heavy  rotor;  the  knives  passed 
within  a  fraction  of  an  inch  of  heavy  metal  bars. 
With  the  rotor  operating  at  high  speed,  the  chunks 
of  magnesium  were  readily  cut  to  pass  through  a 
screen  in  the  bottom  of  the  mill.  This  mill  was  a 
standard  machine  of  the  type  that  is  employed  in 
shredding  wood  and  paper  and  is  often  referred  to  as 
a  "garbage  hog,"  The  quarter-inch  size  product  from 
this  mill  was  passed  over  a  magnetic  separator  to 
protect  the  more  delicate  machine  used  in  cutting  the 
magnesium  to  a  finer  size. 

The  next  machine  was  of  a  type  that  consisted  of 
a  number  of  long  knives  mounted  on  the  outer  edge 
of  an  open  frame- work  reel  that  rotated  on  an  axis. 
Tn  the  operation  the  rotating  knives  passed  within 
a  few  thousandths  of  an  inch  of  a  number  of  sta- 
tionary knives  mounted  in  the  housing  of  the  mill. 
This  machine,  except  for  its  screens,  was  a  standard 
mill  used  for  cutting  corn  and  other  grain  to  fine 
particles.  This  cutting  action  reduced  the  magnesium 
to  sizes  that  would  pass  through  a  bottom  screen. 

The  magnesium  was  then  passed  over  a  screen  to 
remove  the  fines  and  the  dust.  Samples  were  taken 
for  chemical  and  sieve  analyses.  The  approved 
ground  magnesium  was  passed  over  a  magnetic  sep- 
arator just  prior  to  weighing  for  the  charge.  The  par- 
ticle size  distribution  of  most  magnesium  cut  in  the 
manner  described  here  is  represented  as  follows : 


US  standard  sieve  no. 
10 
20 

30 
40 
60 


%  passed 

90-99 
25-55 
10-35 

3-15 

0-1 


Since  magnesium  does  react  slowly  with  air,  it  is 
considered  advisable  to  grind  the  magnesium  at  such 
time  that  the  finely  divided  metal  will  not  have  to 
remain  in  storage  for  long  periods. 

SOME  OPERATIONAL  CONSIDERATIONS 

Excess  Magnesium 

It  has  been  established   experimentally  that  an 
excess  of  magnesium  over  the  stoichiometric  amount 
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Ihr  2hr»  3hrt  4hr» 

TOTAL    TIME    IN     FURNACE     TO    FIRE 

Figure  10.  Variation  of  firing  time  with  furnace  temperature 

for  reaction  with  the  UF4  in  the  charge  is  essential 
to  obtain  better  yields  of  uranium  metal.  As  the  per 
cent  of  excess  magnesium  increases  from  zero  there 
is  a  sharp  increase  in  biscuit  yield.  This  increased 
yield  reaches  a  maximum  and  rather  abruptly  levels 
off  on  a  plateau  for  higher  percentages  of  excess 
magnesium.  The  amount  of  excess  necessary  to  reach 
this  maximum  with  good  quality  materials  varies 
slightly  with  production  sizes  of  bombs;  the  larger 
bombs  require  slightly  less  excess  than  the  smaller 
bombs.  Ten-inch  and  larger  bombs  require  about  5% 
excess  and  a  six-inch  bomb  requires  approximately 
7%  excess.  Small  experimental  bombs  employing 
only  a  few  pounds  of  UF4  may  require  20%  to  30% 
excess  magnesium  to  reach  the  maximum. 

Liner  Thickness 

The  material,  the  compactness  and  the  thickness 
of  the  refractory  liner  in  a  bomb  are  factors  that 
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Figure  11.  Variation  of  yield  of  metal  with  furnace  temperature 


Figure  13.  Casting  furnace  for  rods:  (1)  15  in.  od  quartz  tube; 
(2)  sillimanite  insulation  shields;  (3)  graphite  crucible;  (4)  graphite 
valve  disk;  (5)  graphite  spillway;  (6)  graphite  push  rod;  (7) 
graphite  chimney;  (8)  insulation  base;  (9)  graphite  cover  plate; 
(10)  steel  ring  insulation  support;  (11)  steel  water  jacket;  (12) 
graphite  reservoir  (upper  section);  (13)  graphite  reservoir  (lower 
section;  (14)  offset  steel  push  rod  (upper  section);  (15)  graphite 
feedway  plate;  (16)  graphite  plug  with  orifice;  (17)  steel  ring  feed- 
way  support;  (18)  steel  mold;  (19)  offset  steel  push  rod  (lower 
section);  (20)  steel  vacuum  jacket;  (21)  steel  template;  (22)  graphite 
plug;  (23)  water-cooled  base.  (Thermocouples,  vacuum  connection 
and  charge  are  not  shown  in  this  figure) 
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Figure  12.  Uranium   casting   unit 
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contribute  to  the  success  of  the  reduction  operation. 
The  flow  of  heat  to  the  charge  before  ignition  must 
take  place  through  this  medium  which  also  must 
serve  as  an  inert  heat  insulator  after  the  reaction.  A 
liner  that  is  too  thin  might  conduct  heat  too  rapidly 
and  tend  to  cause  firing  before  sufficient  heat  enters 
the  major  part  of  the  charge.  Then  too,  if  a  charge 
fires  properly  with  a  thin  liner  the  high  heat  may 
reach  the  steel  bomb  wall  and  lower  its  strength  while 
pressure  exists  in  the  bomb,  resulting  in  a  blow-out. 
Refractories  such  as  magnesium  and  calcium  flu- 
orides require  greater  thicknesses  because  of  their 
low  melting  points.  The  refractory  oxides  employed 
in  the  development  work  have  high  melting  points 
and  can  be  employed  in  thicknesses  of  less  than  an 
inch  in  the  production-size  bombs  mentioned  here. 
Actually  y2 -inch,  ^-inch  and  y±  inch  walls  were 
employed  in  the  biscuit  region  of  the  6-inch,  10-inch 
and  13-inch  bombs,  respectively.  Since  the  mandrils 
were  tapered  slightly  the  walls  were  thinner  at  the 
tops.  Exact  centering  of  the  bottom  end  of  the  man- 
dril was  done  by  means  of  a  ball  gage  of  the  proper 
size.  The  thickness  of  the  liner  on  the  bottom  of  the 
bombs  was  usually  about  one  inch. 

Preparing  the  Charge 

In  the  hand  operations  employed  in  the  plant  at 
Ames,  the  separate  ingredients  of  the  charges  were 
merely  poured  into  weighing  buckets  on  "over- 
under"  weighing  scales  that  carried  tare  weights  for 
the  buckets.  The  weighed  magnesium  and  green  salt 
were  dumped  into  a  batch  blender  of  the  double- 
cone  type.  A  thorough  mixing  of  the  charge  is  essen- 


tial for  best  results.  Furthermore,  the  mixed  charge 
should  be  well  packed  into  the  lined  crucible  in  order 
to  increase  the  charge  density  and  to  get  better  heat 
conductivity, 

Protection  Walls  Around  Furnace 

Due  to  the  fact  that  the  internal  pressure  of  the 
bomb  at  its  peak  inside  temperature  is  well  above 
atmospheric  pressure  it  is  essential  that  the  operators 
be  protected  from  possible  bomb  failure.  Brick  walls 
around  the  furnace  working  space  have  been  found 
adequate  for  the  protection  of  operators.  Ports 
through  these  walls  permit  the  necessary  operations. 
Furthermore,  operators  should  not  remove  any  fired 
bomb  from  a  furnace  until  the  reaction  has  fully 
subsided.  Hot  spots  may  develop  on  the  bomb  at 
areas  where  the  liner  is  thin  and  at  areas  having 
partial  liner  failure.  Complete  failure  of  the  liner 
at  a  point  usually  results  in  a  blow-out.  Although 
blow-outs  were  not  uncommon  in  the  early  develop- 
ment days,  as  better  oxide  liner  materials  became 
available  and  lining  techniques  improved,  blow-outs 
were  rare  indeed. 

Furnace  Temperature  and  Firing  Time 

The  design  of  the  furnace  can  vary  widely. 
Whether  the  bombs  are  heated  by  gas  burners,  elec- 
trical resistance  heaters,  radiation  heaters  or  by 
induction  makes  little  difference  so  long  as  the  heat 
gets  to  the  charge  with  the  proper  rate  and  distribu- 
tion. Generally  the  higher  the  temperature  of  a  fur- 
nace and  the  smaller  the  bomb  diameter  the  shorter 
the  time  of  heating  to  produce  ignition.  Some  data 


Figure  14.  Rod  casting  furnace  with   some   insulation   shields 
in   place.  Silica   tube  hangs  overhead 


Figure   15.  Adjusting   position   of  induction   coil   preparatory 
to  heating  the  charge  in   rod  casting 
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on  firing  time  as  related  to  bomb  size  and  tempera- 
ture of  a  furnace,  such  as  that  described  earlier,  are 
shown  in  Fig.  10.  The  higher  temperatures  that 
shorten  the  soaking  time  may  or  may  not  be  advan- 
tageous from  the  standpoints  of  yield  of  metal  and 
furnace  life. 

Furnace  Temperature  and  Yield 

In  tests  to  determine  the  relationship  of  yield  to 
any  of  the  numerous  variables  that  bear  upon  the 
behavior  of  the  magnesium  reduction  process,  the 
furnace  temperature  must  be  given  prime  considera- 
tion. As  an  example  of  the  importance  of  furnace 
temperature,  results  from  a  series  of  tests  on  two 
different  magnesiums  in  two  different  sizes  of  bombs 
at  various  temperatures  are  shown  graphically  in 
Fig.  11.  The  green  salt  and  liner  materials  were 
essentially  the  same  in  all  of  the  reduction  tests 
made  in  this  series.  It  is  to  be  noted  that  for  all 
four  curves,  each  of  which  represents  one  magnesium 
in  one  size  of  bomb,  the  biscuit  yields  exhibit  essen- 
tially the  same  maximum  with  temperature.  Further- 
more, in  these  tests  the  ten-inch  bombs  yielded  higher 
than  the  six-inch  bombs  with  the  same  magnesium 
and  at  the  same  furnace  temperature.  In  addition, 
the  yields  with  one  of  the  magnesiums  were  slightly 
more  sensitive  to  temperature  variations  in  both 
sizes  of  bombs.  The  essential  difference  in  these  two 
magnesiums  was  that  No.  109  magnesium  had  been 
ground  then  stored  for  five  months  before  the  tests, 
while  No.  259  was  ground  only  five  days  before  tests. 

The  curves  shown  in  Fig.  11  are  not  to  be  inter- 
preted as  representing  the  type  of  behavior  to  be 
expected  in  all  such  tests  on  materials.  Some  tests 
made  on  batches  of  liner  material,  green  salt  and 
magnesium,  especially  when  the  quality  of  each  of 
these  materials  varied  widely,  have  exhibited  very 
flat  curves,  curves  with  two  maxima,  and  curves 
with  maxima  shifted  to  higher  or  lower  temperatures. 
Changes  in  furnace  design  and  in  position  of  the 
thermocouple  would  also  cause  shifts  in  such  curves. 
Figure  11  does  show  that  to  be  reasonably  sure  of 
getting  the  best  yields  with  the  materials  and  equip- 
ment available,  tests  of  the  kind  described  are  essen- 
tial. These  tests  may  also  include  a  standard  casting 
operation  and  be  based  not  on  biscuit  yields  but  on 
over-all  yields  of  final  cast  metal. 

CASTING  URANIUM  METAL 

Early  in  1942  the  small  castings  of  uranium  metal 
that  were  being  made  in  America  were  made  by 
vacuum  self-induction  heating  of  uranium  powder 
compacts  supported  in  beryllia  crucibles.  On  heating 
to  high  temperatures  the  liquid  uranium  metal  would 
break  through  its  tough  oxide  skin  and  flow  through 
a  grill  and  into  a  beryllia  mold.  Experimental  work 
at  Ames  soon  demonstrated  that  graphite  crucibles 
could  be  employed  for  vacuum  induction  melting  of 
uranium.  The  melting  point  of  uranium  was  found  to 
be  about  1130°C  and  at  pouring  temperatures  of  up 
to  1300°C  and  even  higher,  the  solubility  of  carbon 
in  the  uranium  was  not  greater  than  a  few  hundred 


Figure  16.  Charged    direct-pour    bomb    ready    for    furnace:    (1) 

graphite  cake;   (2)   refractory  liner;  (3)  bomb  wall;  (4)  charge  of 

UF<  and  Mg 

parts  per  million.  In  the  early  production  plant,  ura- 
nium was  melted  in  a  graphite  crucible  having  a  grill 
for  the  bottom  to  catch  oxide  skins  as  the  metal 
flowed  into  a  heated  graphite  mold  below. 

In  certain  phases  of  uranium  metallurgy  there  may 
develop  concentrations  of  materials  that  present 
chemical  and  radiological  health  problems.  The  vacu- 
um melting  and  casting  operation  does  give  some 
concentration  of  such  materials  especially  in  the 
flue  dust  and  in  the  dross  from  graphite  melting 
crucibles. 

Casting  an  Ingot 

The  uncertainty  of  pouring  temperature  and  rate 
of  flow  in  the  grill-type  casting  set-up  made  it  neces- 
sary to  work  out  designs  for  melting  and  casting 
units  that  would  give  better  control  of  the  operation 
for  larger  sizes  of  ingots.  The  designs  for  these 
larger  casting  units  were  modified  from  time  to  time 
as  sizes  and  slnpes  of  castings  were  changed. 

One  design  that  can  be  used  for  vacuum  casting 
a  single  uranium  ingot  is  shown  in  Fig.  12.  The  heat- 
ing is  effected  by  a  hoist-type  induction  coil  (not 
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shown)  which  is  lowered  to  its  operating  position 
around  the  silica  tube.  Heat  is  generated  in  the 
graphite  crucible  and  its  temperature  is  followed  by 
means  of  the  thermocouple.  When  the  metal  is  at 
casting  temperature  it  is  poured  into  the  mold  by 
opening  the  valve  in  the  crucible  by  means  of  an 
upward  thrust  on  the  mold-lifter  rod.  The  valve 
lifter  is  mounted  in  the  top  of  the  mold.  This  thrust 
lifts  the  mold  and  the  valve  lifter  which  in  turn  lifts 
the  valve  disk.  The  valve  disk  is  forced  far  enough 
from  its  seat  to  float  to  the  top  of  the  melt  as  the 


Figure    17.    Solidified   ingot   and    slag:    (1)   MgF3    slag;    (2)    lower 

end    of    bomb;    (3)    mold    cover;    (4)    mold;    (5)    uranium    ingot. 

(Shrinkage  of  Ingot  not  shown) 


uranium  liquid  flows  through  the  orifice  and  into 
the  mold.  Ventilation  of  the  mold  cavity  takes  place 
through  ports  (not  shown)  in  the  valve  lifter  below 
the  orifice. 

The  ingot  obtained  by  this  process  is  cropped  to 
remove  the  pipe  and  the  resulting  billet  is  an  inter- 
mediate form  for  further  fabrication  into  shapes. 

The  Casting  of  Rods 

Furnaces  for  casting  a  number  of  rods  at  one 
pouring  were  set  up  early  in  the  development  work. 
A  sketch  of  one  of  these  furnaces  is  shown  in  Fig. 
13.  This  furnace  has  a  capacity  to  cast  simultaneously 
nine  uranium  rods  about  \l/2  inches  in  diameter  by 
29  inches  in  length.  The  charge  of  metal  required 
is  around  300  pounds. 

Figure  14  is  a  photograph  showing  one  stage  in 
the  assembly  of  the  furnace  when  only  a  few  of  the 
sillimanite  insulation  sections  are  in  place  around  the 
graphite  melting  crucible;  the  silica  (or  quartz)  tube 
is  hanging  from  above.  The  operator  is  shown  in 
Fig.  15  adjusting  the  hoist  type  induction  coil  on  the 
silica  tube  preparatory  to  the  heating. 

The  melting  pot  or  crucible  of  Fig.  13  has  the 
valve  disk  to  one  side  rather  than  in  the  center  of 
the  bottom  of  the  melting  pot.  When  the  melt  is  ready 
for  pouring  by  the  thermocouple  (not  shown  here) 
the  push  rod  (No.  19)  is  given  an  upward  thrust. 
This  movement  is  transferred  to  another  steel  push 
rod  inside,  which  in  turn  causes  the  graphite  push 
rod  (No.  6)  to  lift  the  valve  disk  (No.  4)  from  its 
seat.  The  metal  flows  through  the  valve  and  the 
opening  in  the  graphite  spillway  (No.  5).  From  here 
the  metal  pours  into  the  graphite  reservoir  (No.  12 
and  No.  13).  From  the  reservoir,  metal  flows  simul- 
taneously through  nine  separate  orifices  (No.  16) 
in  the  feedway  plate  (No.  15)  to  nine  steel  molds 
(No.  18).  On  cooling,  the  rods  are  easily  removed 
from  their  molds. 

THE  DIRECT-POUR  PROCESS 

In  the  bomb  process  described  above  the  objec- 
tive was  to  produce  uranium  metal  which  was 
allowed  to  solidify  in  the  bomb  and  then,  by  means 
of  remelting  and  casting,  produce  the  desired  shape 
of  ingot.  The  objective  of  the  process  described 
briefly  in  this  section  is  to  cast  the  liquid  metal, 
which  results  from  the  reduction  reaction,  directly 
into  the  desired  shape  of  ingot. 

The  bomb,  lined  with  electrically  fused  dolomitic 
oxide  (E.F.D.)  and  charged  with  the  usual  mixture 
of  Up4  and  magnesium,  is  sketched  in  cross  section 
in  Fig.  16.  This  bomb  has  a  special  bottom  which 
accommodates  a  valve  for  pouring  the  molten  metal 
when  desired.  This  valve  is  inserted  by  a  special 
adapter  on  the  mandril  used  in  the  lining  operation. 

The  charged  bomb  is  placed  in  the  furnace  and 
a  few  minutes  after  it  has  fired,  the  metal  is  poured 
into  a  graphite  mold  that  is  in  an  assembly  held 
rigidly  together  by  turnbuckles.  The  ball  face  of 
the  valve  spout  fits  into  a  cone  in  the  top  face  of 
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a  graphite  cover  to  the  mold.  In  bringing  the  top 
of  the  mold  and  the  valve  of  the  bomb  together  suf- 
ficient pressure  is  exerted  to  force  the  valve  spout 
up  in  the  valve  housing,  thus  permitting  the  metal 
to  flow  through  the  spout  to  the  mold.  A  sketch  that 
represents  conditions  after  the  metal  has  poured  and 
cooled  is  shown  in  Fig.  17. 

Bomb  charges  containing  318  pounds  of  green 
salt  gave  about  238  pounds  of  metal  for  each  cast- 
ing. The  ingots  when  cropped  below  the  pipe  gave 
billets  weighing  about  220  Ibs.  Ingots  produced  by 
this  process  are  exceedingly  low  in  carbon  content 


but  are  higher  in  magnesium  and  hydrogen  content 
than  metal  melted  and  cast  in  vacuum  as  described 
in  an  earlier  section  of  this  report. 
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Fundamental  Considerations  in  the  Reduction 
Processes  of  Thorium  and  Uranium 

By  B.  Ko  pel  man,*  USA 


The  reduction  processes  leading  to  the  formation 
of  either  thorium  or  uranium  metal  are  associated 
with  many  difficulties  attributable  mainly  to  the 
stability  of  their  compounds.  As  a  consequence,  both 
metals  are  highly  reactive  towards  most  substances, 
particularly  at  elevated  temperatures,  and  contamina- 
tion by  the  atmosphere  or  by  reaction  with  containers 
occurs  readily  unless  adequate  precautions  are  taken. 

Since  conventional  metal  containers  are  easily 
attacked  by  both  uranium  and  thorium  at  the  tem- 
peratures existing  during  reduction,  liners  of  refrac- 
tory materials  such  as  lime  or  magnesia  become  nec- 
essary to  minimize  contamination  from  this  source. 
Both  elements  also  react  directly  with  nitrogen  as 
is  indicated  by  the  negative  free  energy  of  forma- 
tion of  thorium  nitride  and  uranium  nitride  (listed 
in  Table  I),  so  that  either  an  argon  cover  or  a  high 
vacuum  becomes  necessary  during  reduction,  par- 
ticularly when  high  purity  metal  powder  is  desired. 

When  in  a  finely  divided  state,  both  elements  com- 
bine spontaneously  with  atmospheric  oxygen,  even 
at  room  temperature,  to  form  very  stable  oxides.  This 
stability  is  also  apparent  in  compounds  such  as  the 
halides  and  becomes  quite  evident  from  a  comparison 
of  their  free  energy  of  formation  to  that  of  other 
similar  compounds.  A  tabulation  of  these  values  at 
room  temperature  (298°K)  appears  as  Table  I  and 
has  been  presented  in  kilocalories  per  gram-atom 
of  non-metal,  so  as  to  facilitate  the  comparison. 

Another  measure  of  the  stability  of  thorium  and 
uranium  compounds  is  the  inability  of  hydrogen  to 
reduce  them  to  metal  at  temperatures  approaching 
2000°  C.  This  is  true  for  both  the  oxides  and  the 
halides  as  can  be  seen  from  the  calculated  free  ener- 
gies of  reaction  listed  in  Table  II,  and  thus  eliminates 
from  consideration  one  of  the  most  convenient 
methods  of  producing  metal,  gaseous  reduction.  To 
place  thorium  and  uranium,  in  their  proper  perspec- 
tive with  respect  to  ease  of  reduction,  the  equilibrium 
concentration  of  water  vapor-hydrogen  in  several 
metal-metal  oxide  systems  has  been  calculated  and 
is  shown  graphically  in  Fig.  1.  From  these  curves, 
it  becomes  immediately  evident  that  hydrogen  con- 
taining 1  part  of  water  vapor  in  4  X  105  (log  [cone. 
H2O/conc.  H2]  =  —  5.6),  such  as  is  present  in  gas 
dried  by  activated  alumina,  will  not  reduce  these 
oxides,  thus  placing  them  together  with  titanium,  zir- 
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conium,  aluminum,  beryllium  and  magnesium  in  the 
class  of  difficultly  reducible  compounds. 

Although  there  are  many  problems  associated  with 
the  preparation  of  thorium  and  uranium  metal,  some 
of  these  difficulties  are  mitigated  by  the  fact  that 
ductility  or  workability  of  both  is  not  critically  de- 
pendent upon  the  absence  of  small  amounts  of  gase- 
ous impurities  as  is  the  case  with  metals  such  as 
titanium.  This  can  be  readily  seen  by  comparing  the 
effects  of  increasing  oxygen  and  nitrogen  content 
upon  the  ductility  of  pure  thorium  and  pure  titanium 
metal.  As  shown  in  Fig.  2,1  the  presence  of  OA% 
by  weight  of  nitrogen  decreases  the  per  cent  reduc- 
tion in  area  measured  during  the  tensile  testing  of 
titanium  by  a  factor  of  four,  whereas  that  of  thorium 
is  decreased  by  a  factor  of  only  1.2.  Though  not 
quite  as  sensitive  as  the  nitrogen  content,  the  presence 
of  oxygen  also  has  a  marked  effect  on  titanium  as 
compared  to  thorium.  Since  reduction  in  area  is  the 
maximum  amount  that  the  cross-sectional  area  of 
metal  can  be  reduced  before  fracture  occurs,  it  is 
directly  related  to  the  ductility  of  the  material,  and 
therefore  a  good  indication  of  its  workability. 

Thus  it  can  be  seen  that  the  difficulties  entailed 
in  reducing  thorium  and  uranium  are  compensated, 
at  least  to  a  large  degree,  by  the  ability  of  both 
metals  to  tolerate  comparatively  high  impurity  levels 
of  nitrogen  and  oxygen  and  still  maintain  their 
desirable  mechanical  properties. 

REDUCTION  BY  THE  ACTIVE  METALS 

Among  the  common  active  metals,  calcium  and 
magnesium  are  most  often  considered  as  possible 
reducing  agents  for  the  oxides  of  thorium  and  ura- 
nium. Of  these,  magnesium  is  considerably  poorer 
from  a  thermodynamic  viewpoint,  particularly  in  the 
case  of  thorium  where,  as  can  be  seen  in  Table  III, 
the  reaction  reverses  itself  at  high  temperatures- 
However,  because  of  the  higher  cost  of  calcium 
metal,  reduction  processes  based  upon  the  use  of 
magnesium  are  more  desirable  economically. 

Although  reduction  of  the  halides  is  considerably 
less  difficult,  the  use  of  oxide  as  the  starting  material 
has  definite  economic  advantages,  primarily  the  elim- 
ination of  a  halogenating  step  in  the  processing 
cycle  of  these  metals.  On  the  other  hand,  calcium 
is,  thermodynamically,  by  far  superior  to  magnesium, 
although  any  economic  advantage  obtained  through 
use  of  the  oxide  route  would  be  cancelled  or,  at  the 
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Table  I.     AF°2o8  for  Some  Compounds  of  Thorium,  Uranium  and  Other  Elements 


Oxides 


Halides 


Nitrides  and 
carbides 


1A  Th02  (s) 

140 

X  UF.  (g) 

81 

UN 

75 

1A  uo2  (s) 

128 

H  MoF6  (g) 

64 

TiN 

74 

X  TiO,  (s) 

106 

H  ua,  (s) 

40 

W2N 

11 

M  Cr02  (s) 

65 

K  WCl.  (s) 

12 

Mo2N 

10 

H  Mn02  (s) 

56 

K  MoCU  (s) 

11 

X  U,N, 

64 

H  U,08  (s) 

107 

H  UF.  (s) 

92 

X  MiuN2 

24 

J*  Fe804  (s) 

60 

h  uci.  (s) 

48 

X  Th,N4 

71 

Ji  CoaO*  (s) 

44 

X  ThF4  (s) 

114 

TiC 

56 

H  UO,  (s) 

94 

M  UF4  (s) 

102 

UC 

41 

H  W03  (s) 

61 

H  TiF4  (s) 

88 

MnC 

23 

H  Mo03  (s) 

54 

M  CrF4  (s) 

67 

MoC 

3 

FcO  (s) 

58 

M  MnF4  (s) 

52 

we 

3 

K  ThCU  (s) 

69 

X  u,c, 

25 

X  UC14  (s) 

58 

^ThC2 

25 

X  TiCU  (s) 

42 

J^  UC, 

19 

M  MoCI4  (s) 

15 

^Ci.C2 

11 

Ji  WC14  (s) 

12 

X  UBr4  (s) 

47 

XUI4(s) 

32 

>3  UF3  (s) 

107 

X  CrF3  (s) 

84 

Y*  FeF,  (s) 

72 

Ji  ThCl,  (s) 

76 

X  UCI.  (s) 

65 

}4  CrCU  (s) 

39 

%  MnCla  (s) 

32 

X  UBr,  (s) 

55 

X  UI,  (s) 

38 

least,  drastically  reduced  because  of  the  present  high 
cost  of  this  metal.  Based  upon  present  prices  the 
material  cost  of  reductant  used  in  the  case  of  cal- 
cium would  be  increased  by  a  factor  of  six  over  the 
cost  of  magnesium.  Recently,  however,  it  appears 
that  a  method  for  producing  high  grade  calcium 
metal  aluminothermically  has  been  developed  which 
would  help  to  lower  future  costs  considerably. 

The  possibility  of  using  magnesium  to  reduce  the 
oxide,  however,  should  not  be  dismissed  lightly  be- 
cause of  unfavorable  free  energies.  Segregation  ocur- 
ring  during  reduction  and  producing  a  metallic  phase 
plus  an  oxide  slag  would  alter  considerably  the  equi- 
librating forces  present  because  of  the  heterogeneous 

70 


nature  of  the  system,  and  an  efficient  process  based 
upon  this  reaction  may  be  entirely  feasible. 

Reduction  processes  utilizing  either  calcium  or 
magnesium  as  the  reductant  can  be  made  to  yield 
either  powder  or  a  metallic  button  as  the  final  prod- 
uct depending  upon  the  amount  of  heat  liberated 
during  the  reaction,  and  the  fluidity  and  melting 
point  of  the  slag  product.  If  massive  metal  is  desired, 
a  low  melting  point  slag  is  most  advantageous  since 
lower  temperatures  can  be  tolerated  before  the  vis- 
cosity of  the  slag  increases  to  the  point  where  segre- 
gation of  metal  and  slag  is  virtually  halted.  In  this 
way,  the  effects  of  heat  loss  upon  metal-slag  separa- 
tion are  minimized  somewhat.  If,  coupled  with  a  low 
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Table  II.     Reduction  of  Thorium  and  Uranium 
Compounds  by  Hydrogen 


Table  III.     Reduction  of  Thorium  and  Uranium 
Compounds  by  Active  Metals 


Reaction 


kcal 


kcal 


kcal 


Reaction 


kcal 


AFiooo, 
kcal 


AFstoo, 
kcal 


UO2  4-  2H2  ±=;  U  4-  2  H2O 

138 

126 

106 

UF4  4-  2H2  ±^  U  4-  4  HF 

162 

110 

35 

ucu 

4-  2H2±^ 

U  4-4 

HC1 

139 

90 

47 

Th02 

4- 

2H2 

±r^ 

Th  4- 

2 

H2O 

171 

159 

136 

ThF4 

4- 

2H2 

±=; 

Th  + 

4 

HF 

195 

140 

69 

ThCU  4- 

2H2±q 

;Th  4- 

4 

HC1 

185 

127 

87 

melting  slag  product,  the  reaction  is  also  accom- 
panied by  the  liberation  of  a  great  amount  of  heat, 
the  increased  fluidity  of  the  reaction  products  enables 
the  reduced  molten  metal  to  separate  easily  so  that 
a  metallic  button  free  of  slag  inclusions  can  be 
recovered.  As  can  be  seen  from  Table  111  and  Table 
IV,  reduction  of  the  halides  is  more  amenable  to 
the  formation  of  massive  metal  than  processes 
involving  the  reduction  of  the  oxides  since  these 
reactions  are  somewhat  more  exothermic  and  pro- 
duce a  lower  melting  slag.  These  considerations, 
however,  are  more  applicable  to  uranium  reduction 
because  of  its  lower  melting  point.  The  preparation 
of  pure  thorium  metal  in  massive  form  directly  dur- 
ing reduction  is  considerably  more  difficult.  It  is 
unlikely  that  refractory  materials  capable  of  with- 
standing attack  at  1800°C,  the  melting  point  of 
thorium,  can  be  found.  In  this  case,  therefore,  it 
would  probably  be  more  advantageous  to  produce 
a  powder  which  could  subsequently  be  arc-melted 
with  consumable  thorium  electrodes,  using  a  water- 
cooled  hearth. 

In  addition,  the  possible  formation  of  intermediate 
compounds  between  the  starting  material  and  the 
reaction  product,  such  as  Na2UC>4  should  not  be 
overlooked  in  evaluating  the  behavior  of  various 
reactions.  Some  of  these  have  been  found  to  be 
fairly  stable,  and  failure  to  account  for  their  for- 
mation will  lead  to  erroneous  conclusions  regarding 
the  efficiency  of  the  reaction  in  question. 

REDUCTION  BY  CARBON 

Both  thorium  and  uranium  oxides  have  unfavora- 
ble free  energies  in  their  reaction  with  carbon.  This 
is  counterbalanced  by  the  formation  of  a  gaseous 
reaction  product  which  can  be  continuously  removed 
by  vacuum,  thereby  upsetting  the  equilibrium.  Both 
reactions  have  been  studied  to  determine  the  equi- 
librium gas  pressure  over  a  wide  temperature  range 
and  these  data  appear  plotted  in  Fig.  3,  together  with 
the  equilibrium  pressure  observed  in  the  ZrO2-C  and 
TiO2-C  systems  for  comparison.2"5  From  a  study 
of  this  plot,  it  is  obvious  that  for  the  two  metals  of 
interest,  fairly  high  temperatures  are  required  to 
obtain  carbon  monoxide  pressures  capable  of  being 
removed  by  conventional  pumping  equipment  in  a 
reasonable  length  of  time.  For  instance,  at  1700°C, 
the  equilibrium  carbon  monoxide  pressure  in  a 


UOS  4-  6  Na  ^  U  4-  3  Na2O 

-  254 

-  151 

UO3  4-  3  Ca  ^  U  -I-  3  CaO 

-  146 

-  151 

U03  4-  3  Mg  ^  U  4-  3  MgO 

-  122 

-  115 

UO2  +  4  Na  i=;  U  +  2  Na2O 

4-67 

4-87 

4-  207 

UO2  4-  2  Ca  ^  U  +  2  CaO 

-41 

-  44 

-  2 

UO2  4-  2  Mg  iq?  U  4-  2  MgO 

~  25 

-  20 

4-47 

Th()2  4-  4  Na  —  Th  4-  2  Na2O 

4-  100 

4-  120 

4-  237 

ThO2  -f  2  Ca  ^  Th  +  2  CaO 

-  8 

-  11 

4-  28 

ThO2  -f  2  Mg  ±?  Th  +  2  MgO 

+  8 

4-  13 

4-77 

UF4  -f  2  Ca  ^  U  4-  2  CaF2 

-  135 

-  127 

-  72 

UF4  +  2  Mg  ±^  II  +  2  MgF2 

-  79 

-  69 

-  10 

ThF4  4-  2  Ca  ^  Th  +  2  CaF2 

-  102 

-  97 

-  41 

ThF4  4-  2  MR  ±^  Th  4-  2  MgF2 

-  46 

-  39 

4-41 

UCU  4-  2  Ca  ±=;  U  4-  2  CaF2 

-  130 

-  126 

-  79 

UC14  4-  2  Mg  ±^  U  4-  2  Mj^F2 

-  52 

-  44 

-  12 

ThCU  4-  2  Ca  ^  Th  +  2  CaF2 

-  84 

-  89 

-  39 

ThCU  4-  2  Mg  ±^  Th  +  2  MgF2 

-  6 

-  7 

4-52 

Zr()2  +  2  Ca  ±r;  Zr  4-  2  CaO 


-  40        -  46 


-  7 


C  system  is  in  the  range  of  250  mm,  but  in  the 
case  of  ThO2-C  it  is  considerably  less.  To  date,  no 
refractory  material  has  been  found  which  is  inert 
to  these  metals  at  the  operating  temperatures  re- 
quired for  reduction.  These  range  around  2200° C 
and  therefore  it  has  become  necessary  to  conduct 
these  reactions  in  graphite  crucibles.  Because  of  this, 
however,  contamination  of  the  molten  metal  with 
excess  carbon  invariably  occurs. 

Of  considerable  interest  in  this  connection  are  the 
phase  diagrams  for  both  the  uranium-carbon6  and 
the  thorium-carbon7  systems.  As  can  be  seen  in  Fig. 
4  and  Fig.  5,  respectively,  the  uranium-carbon  sys- 
tem is  the  more  favorable  for  the  production  of  pure 
metal  since  carbon  is  virtually  insoluble  in  uranium 
up  to  a  composition  of  SO  atomic  percent.  This  im- 
plies that  a  melt  containing,  say,  2  or  3%  excess  car- 
bon, as  might  be  found  at  the  end  of  a  reduction 
due  to  contamination  from  the  graphite  crucible, 
would,  upon  solidification,  appear  as  a  mixture  of 
essentially  pure  uranium  metal  and  uranium  car- 
bide. There  are  indications  that  methods  of  separat- 
ing the  carbide  phase  from  the  uranium  phase  may 
be  successful. 

Table  IV.     Melting  Point  of  Slag  Products 


CaCl2 

782°C 

CaF2 

1418 

CaO 

2600 

MgCI2 

714 

MgF2 

1263 

MgO 

2900 
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Table  V.     Carbide-Oxide  Product 


Carbide 

Oxide 

Product 

0.098 

0.028 

0.002744 

0.087 

0.028 

0.002436 

0.56 

0.006 

0.00336 

0.19 

0.07 

0.0133 

0.29 

0.178 

0.05162 

0.09 

0.037 

0.00333 

This  segregation  does  not  occur  in  the  thorium- 
carbon  system  since  a  solid  solution  is  formed  over 
an  appreciable  concentration  range  immediately  upon 
freezing.  Although  the  solid  solution  phase  is  unsta- 
ble at  lower  temperatures  and  can  be  decomposed 
into  two  phases  by  very  long-time  annealing  (solid- 
solid  reactions  are  very  sluggish),  the  final  reaction 
products  are  still  a  mixture  of  thorium-carbon  solid 
solution  and  thorium  carbide,  rather  than  pure  metal 
and  carbide  phases  as  can  be  obtained  with  uranium 
melts.  As  shown  in  Fig.  6,  carbon  has  an  adverse 
effect  upon  the  mechanical  properties  of  thorium. 
This  is  reflected  in  the  sharp  decrease  in  per  cent 
reduction  in  area  with  increasing  carbon  content. 
Thus  reduction  of  thorium  oxide  by  carbon  cannot 
produce  good  grade  metal  having  suitable  mechanical 
properties.  This  has  been  verified  experimentally. 

The  difference  in  the  two  reactions,  i.e.,  UCVC 
and  ThOo-C,  becomes  quite  clear  when  photomicro- 
graphs of  the  final  product  obtained  in  each  case  are 
compared.  In  the  case  of  the  U-C  reaction,  it  can  be 


seen  from  Fig.  7  that  the  two  products,  metal  and 
carbide,  are  completely  segregated  into  two  separate 
and  distinct  phases.  This  has  not  occurred  in  the 
Th-C  system,  Fig.  8.  In  this  case,  partial  decom- 
position of  the  original  solid  solution  into  a  carbon- 
rich  and  a  carbon-poor  phase  occurring  as  a  solid- 
solid  reaction  has  produced  an  intimate  mixture  of 
products  quite  unlike  that  formed  with  the  U-C 
melt. 

Further,  in  the  case  of  uranium,  studies  have 
been  made  of  the  reaction  between  uranium  oxide- 
uranium  carbide  mixtures  which  have  been  arc 
melted  to  obtain  the  high  temperatures  required  for 
reduction.  To  prevent  contamination  of  the  melt  by 
excess  carbon  from  the  container,  a  water-cooled 
copper  hearth  and  tungsten-tipped  electrodes  were 
used.  It  is  interesting  to  note  that  metal  simul- 
taneously low  in  both  oxygen  and  carbon  has  not 
yet  been  produced  under  the  conditions  employed.  As 
a  matter  of  fact,  the  product  of  the  oxygen  and 
carbon  content  appears  in  many  instances  to  be 
relatively  constant,  though  only  limited  data,  shown 
in  Table  V,  have  been  collected.  It  seems  likely, 
however,  that  more  prolonged  heating  times  or  higher 
temperatures  would  result  in  a  smaller  oxygen-car- 
bon "constant". 

DIRECT  PREPARATION  OF  POWDERED  METAL 

Because  of  the  relatively  high  melting  point  of 
these  metals,  particularly  thorium,  the  metal  product 
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obtained  by  various  processes  is  often  in  the  form 
of  a  powder  rather  than  massive,  reguline  metal. 
Although  this  may  present  some  advantages  if  pow- 
der metallurgical  techniques  are  to  be  employed 
for  fabrication,  it  is  also  associated  with  certain 
difficulties.  In  every  case,  the  powdered  product  is 
found  intimately  associated  with  slag  from  which 
it  must  be  completely  separated  either  chemically 
or  by  mechanical  means.  In  general,  mechanical 
methods  do  not  give  adequate  separations  and  chemi- 
cal methods  such  as  hydriding  or  leaching  with 
water  or  dilute  acids  become  necessary.  These  latter 
methods,  as  for  instance  the  leaching  of  powder  by 
dilute  acetic  acid,  often  result  in  the  formation  of 
a  layer  of  oxide  on  each  particle  if  allowed  to  remain 
too  long  in  contact  with  an  aqueous  solution  or  if 
careful  control  over  the  temperature  is  not  exercised. 
Also,  very  fine  particles  are  quite  often  lost  by  dis- 
solution, thus  adversely  affecting  the  yields. 

Because  of  the  large  surface  area  per  unit  weight 
of  metal  in  very  fine  powder,  contamination  by  the 
atmosphere  proceeds  very  rapidly  if  the  product  is 
left  exposed  and,  in  some  cases,  may  ignite  the  pow- 
der spontaneously.  This  pyrophoricity,  which  is 
characteristic  of  some  of  these  metal  powders  as 
well  as  compounds  such  as  their  hydrides,  presents 
a  definite  hazard  and  special  techniques  are  required 
to  handle  these  materials.  Perhaps  the  simplest  of 
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these  methods  involves  the  use  of  a  non-reactive 
liquid  of  low  boiling  point  under  which  these  powders 
can  be  collected.  Non-polar  organic  liquids  such  as 
naphtha,  benzene  or  hexane,  have  been  found  par- 
ticularly suitable.  Another  successful  technique  is 
based  upon  the  use  of  protective  coatings  on  the  indi- 
vidual powdered  particles  such  as  a  low  melting 
wax,  or  plastics  or  resins  dissolved  in  a  suitable 
solvent.  Materials  so  treated  can  then  be  safely 
stored  or  handled  without  fear  of  self -ignition. 

Neither  of  these  methods,  however,  may  be  suita- 
ble under  certain  circumstances,  and  in  these  cases 
the  use  of  an  inert  atmosphere  as  a  protective  blan- 
ket becomes  necessary.  In  most  cases  nitrogen  or 
argon,  dried  by  activated  alumina  and  deoxidized 
by  hot  copper,  offers  adequate  protection.  Air-tight 
containers  through  which  the  protective  inert  gas 
is  allowed  to  flow  and  which  are  equipped  with 
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Figure  6.  Effect  of  carbon  on  the  mechanical  properties  of  thorium 
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Figure  7.  Photomicrograph    showing    product    obtained    from 
carbon  reduction  of  uranium  dioxide 

sealecl-in  rubber  gloves,  have  also  been  found  con- 
venient for  handling  these  pyrophoric  metals. 

Since  pyrophoridty  is  intimately  associated  with 
the  particle  size  and  shape  of  metals,  control  of 
these  variables  in  any  reduction  process  yielding 
powder  as  a  product  becomes  an  important  con- 
sideration. As  a  general  rule  pyrophoricity  is  most 
frequently  found  to  occur  with  partially  sintered 
agglomerate  particles  having  a  porous  surface,  as 
well  as  with  very  fine  powders.  Tt  is  interesting  to 
note  that  the  tendency  to  ignite  spontaneously  in 
air  is  considerably  increased  when  these  powders 
are  not  thoroughly  dried.  A  moisture  content  of 
approximately  5%  appears  to  be  the  most  critical  in 
this  respect. 

Partially  sintered  agglomerates  usually  form  when 
reduction  takes  place  at  a  temperature  below  the 
melting  point  of  the  metal  product,  i.e.,  1133°C  for 
uranium  and  1827°C  for  thorium.  The  appearance 
of  these  particles  is  believed  due  to  a  mass  of  small 
individual  particles  which  because  of  their  high  melt- 
ing point  sinter  without  coalescing  into  larger 
spheres.  An  example  of  this  type  of  reaction  can  be 
had  by  comparing  the  nature  of  the  powder  pro- 
duced by  the  calcium  reduction  of  uranium  dioxide 
in  the  presence  of  a  calcium  chloride  flux  to  that 
formed  when  zirconium  dioxide  is  similarly  reduced. 
In  the  case  of  uranium  this  process,  as  originally 
described  by  Marden8  and  by  Cachemaille9,  produced 
non-pyrophoric  powder,  minus  200  mesh  (approxi- 
mately 75  microns)  in  size.  More  recently,  a  similar 
process  was  adopted  in  Germany  during  the  last 
war  to  produce  uranium  powder  at  Regussa.  Pow- 
der was  produced  of  which  20-30%  included  par- 
ticles larger  than  70  microns. 

If  this  process,  with  a  similar  furnace  temperature 
(about  1100°C),  is  applied  to  the  reduction  of  zir- 
conium oxide,  however,  a  highly  pyrophoric  pow- 
der having  an  average  particle  size  of  3  to  4  microns 
is  produced.  A  typical  particle  size  distribution  curve 


Figure  8.  Photomicrograph  showing  product  obtained  from 
carbon   reduction   of  thorium  dioxide 

of  this  powder  is  shown  in  Fig.  9.  From  this  it  can 
be  seen  that  the  largest  weight  fraction  of  the  zir- 
conium powder  is  less  than  two  microns  in  size. 
Both  reactions  have  approximately  the  same  free 
energy  change  (Table  III),  the  same  heat  balance, 
and  the  same  slag  product.  Thus  it  can  be  assumed 
that  the  sharp  difference  in  the  nature  of  the  two 
powders  produced  is  due  solely  to  the  higher  melting 
point  of  zirconium  (1700°C)  which  prevents  coal- 
escence of  the  particles.  In  the  case  of  uranium, 
however,  the  reaction  temperature  reached  during 
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Figure  10.  Particle  size  distribution  of  uranium  metal 

reduction  exceeds  the  melting  point  of  the  metal. 
The  individual  particles  fuse  and  tend  to  coalesce 
into  larger  spheres  that  are  usually  non-pyrophoric. 

Another  example  of  the  effect  upon  the  particle 
size  of  the  amount  of  heat  evolved  during  reduction 
can  be  had  by  comparing  the  powder  produced  when 
(1)  uranium  dioxide  is  reduced  by  calcium  in  the 
absence  of  a  flux;  and  (2)  uranium  dioxide  is 
reduced  by  magnesium  in  the  presence  of  mag- 
nesium chloride.  In  the  latter  case,  because  the 
reaction  is  not  as  highly  exothermic,  less  heat  is 
available  so  that  growth  of  the  metal  particles  is 
inhibited.  Particle  size  distribution  curves  for  pow- 
ders prepared  by  both  methods  appear  in  Fig.  10. 

As  can  be  seen,  the  size  and  nature  of  the  particles 
produced  depend  largely  upon  the  peak  temperature 
obtained  in  the  reaction,  upon  the  melting  point  and 
fluidity  of  the  slag  produced,  and  upon  the  rate  of 
heat  loss  from  the  reaction  products.  The  melting 
point  of  the  slag  formed  during  a  reduction  process 
can  be  varied  within  certain  limits  by  including 
various  fluxing  agents  in  the  charge.  This  practice, 
however,  lowers  somewhat  the  peak  temperatures 
reached  during  reduction  because  of  absorption  of 
some  of  the  heat  of  reaction.  A  fairly  reliable  esti- 
mate of  the  maximum  temperatures  reached  can  be 
had  by  computing  the  heat  and  material  balance  for 
a  particular  system,  assuming  practically  adiabatic 


conditions,  i.e.,  a  small  but  fixed  heat  loss  to  the 
environment.  In  actual  pratice  the  quantity  of  heat 
lost  depends  upon  the  scale  of  the  operation.  This 
method,  however,  affords  a  convenient  means  of 
comparing  various  processes  with  respect  to  the  type 
of  product  which  may  be  expected. 

THE  PREPARATION  OF  METAL  POWDERS 
BY  HYDRIDING 

Because  of  economic  considerations  as  well  as  the 
requirements  of  particular  applications,  it  may  some- 
times be  necessary  to  comminute  massive  thorium 
or  uranium.  Due  to  ductility  neither  thorium  nor 
uranium  can  be  converted  to  powder  by  ordinary 
mechanical  methods  when  pure.  Their  hydrides,  how- 
by  heating  the  metals  under  a  hydrogen  atmosphere, 
ever,  are  quite  brittle.  These  are  easily  prepared 
a  temperature  of  approximately  225°C  being  re- 
quired to  form  UH3  and  700°C  for  ThH2.  In  the 
case  of  uranium,  the  hydride  converts  directly  to 
powder,  whereas  thorium  hydride  forms  a  sinter- 
cake  which  must  be  pulverized  mechanically.  Both 
hydrides  are  then  decomposed  under  vacuum  (550- 
600°C  in  the  case  of  uranium  and  750°C  for  tho- 
rium) and  reconverted  to  metal.  Again  in  the  case 
of  thorium,  a  sinter-cake  is  formed  which  powders 
upon  grinding.  Fine  metal  particles,  highly  pyro- 
phoric  in  nature,  are  obtained  in  each  case.  Particle 
size  distribution  curves  are  presented  in  Fig.  11 
for  thorium  powder  and  thorium  hydride,  and  in  Fig. 
12  for  uranium  powder  and  uranium  hydride.  As 
can  be  seen  from  these  curves,  both  hydride  pow- 
ders have  extremely  fine  particle  sizes.  These  fine 
sizes,  however,  cannot  be  retained  during  decom- 
position to  metal  because  of  sintering  which  inevita- 
bly occurs. 

In  comparing  the  size  distribution  curves  for  pow- 
ders produced  by  different  processes,  the  method 
used  in  particle  size  analysis  must  be  kept  in  mind. 
For  instance,  powders  analyzed  by  microscopic  coun- 
ting generally  result  in  much  smaller  particle  size 
readings  in  comparison  to  results  obtained  by  tur- 
bidometric  or  gas  pressure  drop  methods.  This  may 
be  due  largely  to  a  tendency  to  interpret  sintered 
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Figure  11.  Particle  size  distribution  curve  for  calcium 
reduced  thorium  and  Th-hydride 


Figure  12.  Particle    size   distribution    of   uranium 
and  uranium  hydride 
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agglomerates  as  being  composed  of  individual  par- 
ticles when  measured  under  a  microscope.  In  meth- 
ods of  analysis  based  on  Stoke's  Law,  however, 
these  agglomerates  act  as  single  particles  and  a 
larger  average  particle  size  is  obtained.  Thus,  since 
the  size  distribution  curves  of  the  powders  shown 
in  Fig.  10  were  obtained  by  microscopic  counting, 
whereas  those  in  Fig.  9,  11  and  12  were  determined 
turbidometrically,  a  direct  comparison  of  these  data 
may  lead  to  erroneous  conclusions  and  should  be 
avoided. 

CONCLUSION 

Various  methods  useful  for  the  production  of  tho- 
rium and  uranium  metal  have  been  examined  from 
the  standpoint  of  ease  of  reduction,  cost  and  purity 
of  the  product,  as  well  as  the  type  of  product 
which  will  be  produced,  i.e.,  powder  or  a  solid 
regulus.  The  advantages  of  each  process  depend 
largely  upon  the  over-all  cost  of  producing  the  metal 
as  well  as  the  use  to  which  these  metals  will  be  put. 
As  an  example,  uranium  metal  which  is  to  be  used 
as  cast  or  which  will  require  a  minimum  amount  of 
working  may  tolerate  more  impurities  than  metal 
which  must  be  subjected  to  severe  deformation. 

Although  the  methods  used  for  the  production 
of  thorium  and  uranium  are  basically  similar,  essen- 
tial differences  are  evident  because  of  the  higher 
melting  point  of  thorium.  Uranium  metal  can  easily 
be  prepared  either  as  powder  or  directly  in  massive 
form.  Thorium  metal  however,  because  of  its  higher 
melting  point,  presents  much  greater  contamination 
problems  when  prepared  in  the  massive  state.  In 


this  case  the  production  of  a  powder  which  could 
be  consolidated  by  arc  melting,  using  consumable 
electrodes,  would  undoubtedly  be  a  more  advan- 
tageous approach. 

Carbon  reduction  for  both  uranium  oxide  and 
thorium  oxide  has  been  considered.  It  has  been 
shown  that  there  is  a  possibility  of  producing  pure 
uranium  by  this  method  whereas  only  carbide  or 
solid  solution  forms  with  thorium,  due  to  the  inevit- 
able contamination  from  the  graphite  container. 
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Metallurgy  of  Thorium 

By  G.  E.  Kaplan,  USSR 


Thorium  as  well  as  uranium  is  used  for  produc- 
tion of  atomic  energy.  High  purity  of  thorium  with 
regard  to  elements  with  a  large  cross  section  of  neu- 
tron absorption  is  the  main  requirement  for  tho- 
rium used  for  the  purpose. 

Monazite  concentrate  is  used  for  obtaining  tho- 
rium. However,  it  is  not  the  only  source  of  thorium. 
Methods  are  developed  permitting  the  extraction 
of  thorium  as  a  secondary  product  from  certain 
types  of  polymetallic  ores. 

Natural  sands  containing  monazite  are  concen- 
trated by  usual  methods  of  gravitation  and  magnetic 
separation  to  obtain  monazite  concentrate,  which 
has  to  be  subjected  to  chemical  treatment. 

The  technology  of  thorium  production  from  mon- 
azite includes  obtaining  thorium  solution,  its  separa- 
tion from  impurities,  production  of  pure  thorium 
compounds  and  reduction  of  the  metal  from  these 
compounds. 

Much  attention  was  paid  to  the  development  of 
a  suitable  method  of  decomposing  monazite  con- 
centrate to  obtain  thorium  and  rare  earth  elements 
in  a  soluble  form.  Various  technological  methods 
were  studied,  much  attention  being  paid  to  acid 
and  alkali  ones.1*2 

The  well  known  method  of  sulphation  of  the  con- 
centrate at  the  temperature  of  200-300°  was  studied 
in  detail.  A  rotating  sulphator  with  automatic  feed- 
ing of  sulphuric  acid  and  the  concentrate  as  well 
as  with  an  automatic  discharge  of  the  product  ob- 
tained was  used  to  secure  continuity  of  the  pro- 
cess, to  increase  productivity  and  improve  working 
conditions.  The  design  of  the  sulphator  provided 
for  a  practically  complete  absorption  of  the  sulphuric 
acid  vapours  by  means  of  electric  filters. 

There  were  also  developed  industrial  alkali  meth- 
ods for  concentrate  decomposition.  They  included 
treatment  of  the  concentrate  with  caustic  soda  solu- 
tion, or  fusing  with  caustic  soda,  or  roasting  with 
sodium  carbonate. 

The  first  steps  of  treating  the  products  of  both 
acid  and  alkaline  decomposition  do  not  present  any 
considerable  difficulty  and  result,  as  a  rule,  in  obtain- 
ing a  mixture  of  thorium  and  rare  earth  compounds 
on  separation  from  phosphoric  and  sulphuric  acids. 

A  method  of  separation  of  Th  and  rare  earths 
as  fluorides  or  double  sulphates  was  used  for  treat- 
ing the  products  of  acid  decomposition  of  the  con- 
centrate. The  separation  was  accompanied  by  pro- 
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duction  of  sulphophosphoric  acid  solution,  which 
may  be  used  for  the  manufacture  of  simple  type  fer- 
tilizers. A  method  was  developed  for  treating  the 
products  of  alkaline  decomposition  of  the  concen- 
trate to  secure  the  production  of  thorium  and  rare 
earth  hydroxides  with  simultaneous  separation  of 
trisodiumphosphate.  During  the  subsequent  dissolv- 
ing of  hydroxides  in  the  acid,  fluoride  ion  was  added 
under  established  conditions  to  secure  complete  solu- 
tion of  thorium  and  the  rare  earth  elements. 

The  most  important  and  complicated  problem  is 
the  further  separation  of  thorium  and  rare  earth 
elements.  The  importance  of  this  problem  lies  in  the 
fact  that  the  rare  earth  elements  which  are  present 
in  large  amounts  in  almost  all  types  of  thorium 
raw  materials  are  very  closely  related  to  thorium 
with  respect  to  their  properties.  This  necessitated  the 
study  of  a  number  of  processes  based  on  the  utiliza- 
tion of  slight  differences  in  properties  of  thorium 
and  rare  earth  compounds. 

The  following  most  important  methods  were  stud- 
ied, developed  and  improved: 

(a)  Methods  based  on  the  difference  between  the 
hydrolytic  properties  of  thorium  and  those  of  the 
rare  earth  elements.  The  main  point  of  these  methods 
is  to  separate  hydroxides,  phosphates  and  other  com- 
pounds of  these  elements  using  different  concentra- 
tions of  hydrogen  ions.  There  were  used  processes 
of  thorium  hydroxide  precipitation  from  solution  by 
partial  neutralization  as  well  as  methods  based  on 
the  preferential  dissolution  of  rare  earth  elements 
during  the  acid  treatment  of  mixtures  of  their  hy- 
droxides and  thorium  hydroxide  or  mixtures  of 
phosphates,  until  a  certain  value  of  ion  concentration 
is  reached.  The  use  of  these  methods  made  it  possible 
to  obtain  half-way  products  with  the  ratio  between 
thorium  and  rare  earth  elements  of  10  to  1  instead 
of  the  average  ratio  of  1  to  10  in  raw  materials. 

(£)  The  processes  based  on  the  difference  in 
solubility  of  some  salts  of  thorium  and  rare  earth 
elements.  A  detailed  study  of  a  number  of  methods 
showed  that  the  best  results  may  be  obtained  when 
thorium  is  separated  from  acid  solutions  as  oxalate 
and  sulphate,  the  maximum  refining  being  reached 
by  sulphate  crystallization.  The  sulphate  crystalliza- 
tion is  necessary  to  obtain  thorium  compounds  of 
high  puritv  which  are  the  final  products  (e.g.,  thori- 
um oxide).  At  the  same  time  the  precipitation  of 
oxalate  is  quite  sufficient  to  purify  thorium  from 
rare  earth  elements  with  the  purpose  of  subsequent 
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production  of  thorium  fluoride  and  metallic  thorium 
by  the  electrolysis  of  fused  fluoride.  During  the  elec- 
trolysis some  additional  refining  of  the  metal  takes 
place  and  therefore  the  requirements  for  the  purity 
of  the  original  chemical  compounds  may  be  some- 
what relaxed. 

(c)  Methods  of  separation  of  the  rare  earth  ele- 
ments from  thorium  to  obtain  a  product  with  a  very 
high  degree  of  purity  based  on  the  use  of  special 
sorbents. 

(rf)  An  extraction  method  from  nitric  acid  solu- 
tions by  means  of  various  reagents:  tributyl-phos- 
phate  and  other  phosphoric  acid  ethers. 

By  using  these  methods  it  is  possible  to  obtain 
thorium  compounds  of  any  desired  degree  of  purity 
both  from  monazite  concentrate  and  from  poly- 
metallic  ores. 

Several  methods  were  investigated  to  obtain 
metallic  thorium :  ( 1 )  electrolysis  of  fused  salts  with 
a  liquid  cathode;  (2)  electrolysis  of  fused  salts  with 
a  solid  cathode;  (3)  calcium  reduction  method. 

All  these  methods  result  in  obtaining  thorium 
powder.  The  electrolysis  of  fused  thorium  fluoride 
mixture  with  potassium  and  sodium  chlorides  with 
a  solid  cathode  is  carried  out  on  the  large  scale.  This 
method  ensures  sufficiently  effective  additional  re- 
moval of  impurities. 

The  amount  of  rare  earth  impurities  in  thorium 
is  decreased  many  times  during  electrolysis.  The 
cathode  product  is  a  mixture  of  thorium  metal  crys- 
tals with  the  solidified  electrolyte. 

The  cathode  rods  are  of  good  electric  conductivity 
and  may  be  elongated  up  to  one  meter.  During  the 


process  of  electrolysis  a  mechanical  device  is  used 
for  squeezing  the  cathode  rods  to  remove  excess  of 
the  electrolyte  picked  up. 

The  mechanism  of  the  electrolysis  and  physico- 
chemical  properties  of  the  electrolyte  were  studied 
in  detail.  The  research  made  it  possible  to  throw 
light  upon  the  nature  of  the  processes  that  take 
place  in  the  electrolytic  bath  and  to  choose  correct 
technological  conditions. 

Equilibrium  diagrams  of  the  following  systems: 
ThF4-Na€l,  ThF4-KCl,  ThF4-NaF,  ThF4-KF, 
NaCl-KCl-ThF4,  NaF-KF-ThF4  and  others  were 
investigated  to  study  the  composition  and  physico- 
chemical  properties  of  the  electrolyte. 

Examples  of  such  diagrams  are  shown  on  Figs. 
1,  2,  3. 

X-ray  as  well  as  chemical  analysis  of  the  electro- 
lyte contributed  to  the  thorough  examination  of  the 
nature  of  the  phenomena  taking  place  during  the 
electrolysis.  From  these  analyses  it  is  concluded  that 
dissociation  of  the  thorium  fluoride  occurs  in  the 
electrolyte.  It  is  established  that  fluoride  complexes 
are  formed  in  the  electrolyte.  Their  dissociation  is 
effected  stepwise  and  as  a  result  of  this  thorium 
may  be  present  in  the  bath  both  in  anionic  and  cationic 
forms. 

Anodic  processes  were  also  studied.  Compositions 
of  anodic  gases  and  their  change  with  variation  in 
electrolysis  conditions  were  studied  in  baths  with 
an  insoluble  anode.  Preferential  discharge  of  ele- 
mentary chlorine  at  the  anode  is  characteristic  of  the 
electrolysis  process  with  graphite  anode.  A  partial 
discharge  of  fluorine  at  the  anode  both  in  elementary 
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Figure  3.  Equilibrium  diagram  of  NaCI-ThF*  system 

form  and  in  the  form  of  a  carbon  compound  also 
takes  place  during  the  process  of  electrolysis.  Accum- 
ulation of  F~  in  the  electrolyte  gives  rise  to  an 
anodic  effect  which  occurs  periodically  in  the  bath. 
The  composition  of  the  electrolyte,  temperature,  and 
kind  of  anode  graphite  influence  the  anodic  effect. 
As  a  result  of  a  detailed  study  of  these  factors,  meas- 
ures were  elaborated  preventing  the  occurrence  of 
the  anodic  effect. 

A  study  of  electrolysis  conditions  (temperature  of 
the  electrolyte  and  its  composition,  cathode  and 
anode  current  density)  contributed  to  the  estab- 
lishment of  process  conditions  that  ensure  obtaining 
a  metal  powder  of  the  optimum  grain-size. 

It  was  established  that  if  cathodic  current  density 
is  less  than  4  amp/dcm2  the  metal  is  obtained  in  the 
form  of  such  a  fine  powder  that  it  passes  nearly 
completely  into  the  slurry  during  the  subsequent 
concentration  by  gravity.  If  the  current  density  is 


about  20  amp/dcm2  it  is  possible  get  a  stable  metal 
yield  as  well  as  current  efficiency  of  the  order  of 
70-80%. 

The  influence  of  the  electrolyte  temperature  was 
studied  in  the  range  of  500  to  1000°.  At  low  tem- 
peratures of  the  order  of  500°  current  efficiency  and 
metal  yield  are  very  small  and  the  powder  obtained 
is  not  suitable  for  concentration  operations.  A  rise 
of  a  temperature  up  to  800°  makes  it  possible  to 
increase  current  efficiency  and  metal  yield  up  to 
70-80%,  and  to  obtain  a  powder  of  the  optimum 
particle-size  permitting  its  use  directly  for  produc- 
tion of  the  compact  metal  by  powder  metallurgy 
methods.  Further  rise  of  the  temperature  of  the 
bath  brings  about  a  decrease  of  current  efficiency 
and  metal  yield  and  an  increased  content  of  fine 
fractions  of  the  powder. 

Thermal  conditions  of  the  electrolyte  depend  to 
a  great  extent  upon  volume  density  of  current  be- 
cause the  temperature  in  an  industrial  bath  is  main- 
tained according  to  the  emission  of  Joulean  heat.  It 
was  established  that  a  current  density  of  60-70 
amp/kg  of  electrolyte  is  necessary  to  maintain  the 
optimum  temperature. 

The  critical  value  of  the  anode  current  density 
proved  to  be  0.5  amp/dcm2.  It  was  observed  that  a 
high  anode  current  density  results  in  the  appearance 
of  intensive  convection  currents  that  carry  anodic 
products  to  the  cathode,  thus  contributing  to  the 
dissolving  of  precipitated  thorium  crystals. 

Also  studied  was  the  effect  of  changes  in  the 
concentration  of  thorium  fluoride  in  the  electrolyte 
on  current  efficiency  and  on  the  yield  of  the  metal. 
It  was  established  that  decrease  in  thorium  content 
of  the  bath  below  11%  (by  weight)  results  in  a 
discharge  of  alkali  metal  ions  at  the  cathode.  If  the 
concentration  of  thorium  in  the  electrolyte  is  high 
enough  continuous  electrolysis  without  an  appreci- 
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able  discharge  of  alkali  metals  is  possible.  A  bath 
with  a  thorium  concentration  in  the  electrolyte  of 
more  than  11%  can  operate  for  a  long  period  of 
time  because  sodium  and  potassium  fluorides  formed 
during  the  process  of  the  electrolysis  are  removed 
from  it  together  with  the  cathode  product.  Thus,  the 
electrolyte  in  the  bath  is  practically  renewed  after 
a  certain  period  of  time,  however  the  use  of  exces- 
sively high  thorium  concentrations  in  the  electrolyte 
results  in  picking  up  electrolyte  rich  in  thorium  salts 
by  cathode  rods. 

In  studying  thorium  electrolysis  considerable  at- 
tention was  paid  to  the  quality  of  the  original  raw 
materials  and  the  behaviour  of  the  impurities.  The 
appearance  of  rare  earth  elements,  zirconium  and 
hafnium  in  thorium  fluoride  is  due  to  their  presence 
in  monazite.  The  main  reason  for  the  presence  of 
such  impurities  as  iron,  manganese,  chromium, 
nickel,  copper  and  boron  lies  in  the  corrosion  of  the 
equipment.  As  might  be  expected,  the  impurities 
which  are  electrically  more  positive  than  thorium 
(zirconium,  iron,  copper,  nickel,  manganese)  are 
practically  completely  deposited  at  cathode  and  make 
the  metal  impure.  The  decomposition  voltage  of  rare 
earth  elements  is  higher  than  that  of  thorium  fluoride 
and  therefore  they  do  not  pass  onto  cathode  metal 
but  accumulate  in  the  electrolyte.  Comparatively  low 
concentration  of  rare  earth  elements  in  the  electro- 
lyte also  contributes  to  this.  The  deleterious  influence 
of  sulphur  and  phosphorus  on  the  process  of  elec- 
trolysis was  also  established  and  therefore  their 
content  in  the  fluoride  should  be  reduced  to  a  min- 
imum. Considerable  attention  is  being  paid  to 
thorough  dehydration  of  thorium  fluoride  because 
traces  of  water  render  the  process  inoperable. 

An  electrolysis  bath  operates  continuously  until 
complete  depreciation  of  the  lining.  The  cathode  rod 
raised  from  the  bath  contains  approximately  50% 
(by  weight)  of  the  electrolyte,  however  the  easiness 
of  extraction  and  regeneration  of  thorium  fluoride 


which  are  carried  out  by  elementary  operations 
makes  the  present  process  beneficial.  Cathode  rods 
are  crushed  into  pieces  of  10-15  mm.  The  pieces  of 
the  cathode  product  are  treated  with  water  in  special 
vane  mills.  This  operation  is  necessary  for  com- 
pletely breaking  the  joints  of  metal  crystals  with 
electrolyte  particles  and  the  removal  of  soluble  com- 
ponents of  the  latter.  The  pulp  from  the  vane  mill 
passes  through  a  series  of  hydrstulic  separators. 
Large  conglomerates  of  metal  crystals  and  unbroken 
joints  are  separated  by  this  operation.  After  passing 
through  the  separators  the  pulp  is  delivered  onto 
concentration  tables.  Three  products  are  obtained  on 
the  table:  thorium  powder  free  from  electrolyte 
particles,  half-way  product  that  may  be  put  in  the 
process  again,  and  a  slurry  containing  the  insoluble 
part  of  electrolyte  with  a  insignificant  content  of 
fine  powder  fractions.  Thorium  powder  obtained 
from  the  tables  is  magnetically  separated  to  remove 
mechanical  impurities  of  iron,  washed  with  dilute 
nitric  acid,  dehydrated,  dried  and  is  converted  into 
compact  metal. 

Drainage  from  the  concentration  tables  is  clarified 
in  settlers,  the  slurry  together  with  other  by-products 
of  the  electrochemical  process  is  delivered  for  chem- 
ical treatment. 

Thus,  in  spite  of  comparatively  low  direct  metal 
yield  during  electrolysis,  the  present  process  is  suffi- 
ciently satisfactory  due  to  operation  in  a  closed  cycle 
and  the  complete  utilization  of  all  by-products  to 
make  it  possible  to  reach  almost  theoretical  values 
for  the  overall  yield  of  thorium  from  the  original 
raw  materials. 
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Powder  Metallurgy  of  Thorium 


By  G.  A.  Meyerson,  USSR 


Thorium  used  for  the  production  of  atomic  energy 
must  he  of  high  chemical  purity,  and  has  to  be 
ductile  for  manufacturing  solid  articles. 

Pure  thorium  obtained  by  metallurgical  processes 
is  produced  in  the  form  of  a  powder.  This  fact,  as 
well  as  the  high  melting  point  and  chemical  activity 
of  thorium,  and  difficulties  in  the  choice  of  an  inert 
material  for  crucibles  and  moulds,  makes  methods 
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Figure   1.   Influence  of  the  amount  of  calcium  chloride; 
the    yield    on    thorium    powder 

of  powder  metallurgy  the  most  suitable  for  the  pro- 
duction of  fabricated  thorium  bodies. 

The  original  thorium  powder  may  be  obtained  by 
two  main  methods:  by  electrolysis  of  its  fused  salts 
and  by  calcium  reduction  of  thorium  dioxide. 

The  methods  of  producing  thorium  compounds 
and  electrolytic  thorium  powder  of  the  necessary 
degree  of  purity  are  described  in  the  report  on 
thorium  metallurgy,  therefore  this  paper  will  be 
confined  to  the  calcium  reduction  of  thoria  and  the 
subsequent  pressing  and  sintering  of  thorium  pow- 
ders produced  by  both  methods. 

Treatment  of  thorium  dioxide  with  calcium  results 
in  complete  reduction  to  the  metal.  However,  the 
quality  of  the  powder  depends  on  its  subsequent, 
inevitable  partial  oxidation  during  table  concentra- 
tion and  washing  with  dilute  nitric  acid  as  well  as 
in  the  process  of  drying.  One  of  the  main  factors 
affecting  the  oxidisability  of  the  powder  is  its  particle 
size.  At  the  same  time  the  particle  size  of  the  calcium 
reduced  powder  essentially  influences  the  yield  of  the 
powder  after  washing,  since  the  finest  fractions  form 
into  a  sludge. 
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As  is  known,  the  addition  of  calcium  chloride  as 
a  flux  is  used  to  increase  the  particle  size  of  high 
melting  metal  powders  in  the  reduction  of  their 
oxides  with  calcium. 

The  quantity  of  calcium  chloride  suggested  for 
the  charge,  as  well  as  that  of  metallic  calcium,  vary 
over  a  wide  range  according  to  the  data  in  the 
literature ;  that  is  why  it  was  necessary  to  investigate 
the  optimum  charge  composition. 

Besides  this,  the  following  factors  were  also  stud- 
ied: The  temperature  conditions  of  the  reduction 
process;  the  influence  of  atmosphere  (argon,  vacu- 
um) ;  the  behaviour  of  the  rare  earths  (which  are 
the  chief  impurities  in  thorium)  during  reduction 
and  the  subsequent  treatment  of  the  powder. 

CALCIUM  REDUCTION  OF  THORIUM  DIOXIDE 

An  investigation  of  the  process  of  calcium  reduc- 
tion of  thorium  dioxide  in  an  argon  atmosphere  with 
various  amounts  of  calcium  chloride  established  that 
the  highest  direct  yield  of  thoiium  powder  is  ob- 
tained when  40%  (of  the  weight  of  thoria)  of 
calcium  chloride  is  added  to  the  charge  (see  Fig.  1). 

A  further  increase  in  the  amount  of  calcium 
chloride  added  dilutes  the  charge  and  deteriorates 
the  contact  between  the  components  as  well  as  re- 
duces the  concentration  of  metallic  calcium  dissolved 
in  the  fused  calcium  chloride.  It  results  in  a  decrease 
in  the  yield  of  washed  thorium  powder. 

The  contact  between  reagents  can  be  improved  by 
briquetting  the  charge  before  feeding  it  to  the 
reactor. 

Tt  has  been  established  that  an  excess  of  25 %  of 
metallic  calcium  over  that  required  by  theory  is 
sufficient  to  effect  complete  reduction  of  the  thorium 
dioxide. 

The  reduction  process  may  be  carried  out  under 
vacuum.  However,  reduction  in  an  inert  gas  atmos- 
phere is  preferred,  since  under  these  conditions  the 
evaporation  of  calcium  from  the  charge  is  slowed 
down. 

The  temperature  conditions  of  the  reduction  pro- 
cess were  investigated  over  a  wide  range  of  tempera- 
tures (700-1200°).  The  best  results  as  regards  to 
the  quality  and  yield  of  thorium  powder  were  ob- 
tained at  a  reduction  temperature  of  1000  to  1100°C. 

After  reduction,  the  mixture  was  treated  with 
water  and  dilute  hydrochloric  acid  to  dissolve  calcium 
oxide  and  excess  calcium  followed  by  treatment  of 
the  powder  on  a  concentration  table.  This  latter 
process  was  accompanied  by  the  separation  of  a 
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Table  I 


Content,  % 


Element 


Calcium-reduced 
powder 


Electrolytic 
powder 


Thorium 

99.6-99.8 

99.6-99.7 

Iron 

0.02-0.04 

0,024-0.06 

Fluorine 

0.02-0.05 

0.20-0.40 

Chlorine 

0.002-0.003 

0.003-0.015 

Nitrogen 
Sodium 

0.005-0.017 
0.002-0.005 

0.003-0.010 
0.003-0.010 

Calcium 

0.1-0.12 

0.003 

sludge  consisting  of  the  very  fine,  and  therefore 
most  oxidized,  particles  of  thorium  and  thorium 
dioxide.  After  settling  the  thorium  powder  was 
purified  by  magnetic  separation  from  mechanical  ad- 
mixtures of  iron.  The  thorium  powder  obtained  was 
washed  with  15%  nitric  acid  solution  to  increase 
its  purity  and  dissolve  the  oxide  films  from  the 
particles. 

A  study  of  the  behaviour  of  boron,  uranium  and 
the  rare  earth  elements  during  the  reduction  of  the 
thorium  oxide  showed  that  70-80%  of  these  impur- 
ities (in  relation  to  their  content  in  the  initial  thori- 
um oxide)  concentrates  in  the  thorium  powder. 
Hence,  to  meet  the  requirements  regarding  these 
impurities  the  original  oxide  used  in  the  production 
of  thorium  must  be  sufficiently  pure. 

The  direct  yield  of  the  washed  powder  is  about 
90%  in  relation  to  the  thorium  content  in  the  initial 
dioxide.  Analysis  of  the  calcium  reduced  thorium 
powder  is  given  below. 

WASHING  THE  POWDER  WITH  NITRIC  ACID 

The  first  experiments  on  the  use  of  thorium  pow- 
ders washed  only  with  water  showed  that  such  pow- 
ders contained  a  considerable  amount  of  impurities 
(up  to  1-3%).  These  impurities  in  the  calcium 
reduced  powder  consisted  mainly  of  thorium  dioxide, 
calcium  oxide  and,  possibly,  some  calcium  residues 
included  in  the  conglomerates  of  metallic  thorium 
particles ;  in  the  electrolytic  powder  they  were  mainly 
thorium  dioxide  and  the  residues  of  electrolyte  salts 
(fluorides  and  chlorides  of  thorium  and  the  alkali 
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Figure  2.  Particle   size  distribution   of  electrolytic   (1)   and 
calcium    reduced    (2)    thorium    powders 


metals).  In  addition,  the  powders  obtained  by  both 
methods  contained  about  0.1%  iron.  Briquettes 
pressed  out  of  these  powders  were  of  high  porosity, 
and  after  sintering  their  density  was  not  more  than 
10.5-10.7  gm/cm3.  The  sintered  specimens  were  of 
low  strength  and  of  high  brittleness. 

To  reduce  the  impurity  content  in  the  powders, 
experiments  were  run  on  washing  them  with  nitric 
acid  subsequent  to  the  water  washing  and  table 
concentration. 

Washing  with  acid  of  various  concentrations  was 
carried  out  in  two  stages: 

Stage  1 :  15%  acid  solution  was  used  for  the 
calcium  reduced  powder  and  7%  solution  for  the 
electrolytic  one. 

Stage  2 :  2%  nitric  -icid  solution  was  employed  to 
prevent  hydrolysis  of  thorium  nitrate  formed  during 
the  first  stage. 

Washing  with  acid  was  followed  by  water  treat- 
ment and  subsequent  drying  with  alcohol  and  ether. 
As  a  result  of  the  acid  washing,  the  thorium  content 
was  increased  from  98.5-99%  to  99.5-99.8%,  the 
iron  content  decreasing  to  0.02-0.04%.  About  10% 
of  the  metal  passed  into  the  nitrate  solution. 

PROPERTIES  OF  THE  ORIGINAL  POWDERS 

Typical  chemical  analyses  of  thorium  powders 
obtained  by  various  methods  after  washing  with 
nitric  acid  are  given  in  Table  I. 

The  data  in  the  table  indicate  that  calcium  reduced 
powder  can  be  distinguished  by  an  increased  calcium 
content,  and  the  electrolytic  one  by  that  of  fluorine, 
owing  to  the  use  of  thorium  fluoride  for  electrolysis. 

The  average  lattice  constant  for  thorium  powder 
is  5.070  kX,  which  corresponds  to  the  theoretical 
specific  gravity  of  11.75  gm/cm3.  The  particles  of 
the  calcium  reduced  powder  are  sintered  into  poly- 
crystalline  conglomerates,  dendritic  in  structure.  The 
bulk  density  of  the  powder  is  2.6-3  mg/cm3. 

The  particles  of  the  electrolytic  powder  are  sphe- 
roidal in  shape  with  smooth  surfaces;  the  bulk 
density  of  the  powder  being  4.5  gm/cm3.  The  elec- 
trolytic and  the  calcium  reduced  powders  are  similar 
to  each  other  in  particle  size,  their  screen  analysis 
averaging:  +80  mesh,  6-11%  by  weight;  —80 
+250  mesh,  53-56%  by  weight;  —250  mesh,  43- 
46%  by  weight. 

Curves  showing  the  particle  size  distribution  of 
the  electrolytic  (1)  and  calcium  reduced  (2)  thorium 
powders  are  represented  in  Fig.  2. 

PRESSING 

Effect  of  Compacting  Pressure  on  Density  of 

Briquettes  Depending  upon  Thorium  Powder 

Production  Method 

A  study  of  the  compressibility  of  thorium  powders 
obtained  by  different  methods  showed  that  the  cal- 
cium reduced  thorium  powder  is  of  a  lower  com- 
pressibility than  the  electrolytic  one. 

Figure  3  shows  that  the  curve  of  relative  volume 
versus  compacting  pressure  for  a  briquette  of  cal- 
cium reduced  powder  (2)  lies  above  that  for  the 
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Figure  3.  Influence  of  compacting  pressure  (P)  on  the  changes  in 

relative  volume  of  pressed  compacts  (0)  made  of  electrolytic  (1) 

and  calcium  reduced  (2)  thorium   powders 

electrolytic  one  (1),  i.e.,  it  is  shifted  to  the  region 
of  higher  relative  volumes.  Thus,  in  order  to  obtain 
briquettes  of  equal  density  the  pressure  required  for 
the  calcium  reduced  powder  is  1.5-2  times  greater 
than  for  the  electrolytic  one. 

From  an  examination  of  the  pressing  conditions 
of  thorium  powders  the  following  conclusions  may 
be  drawn : 

1.  Thorium  powder  has  a  high  plasticity  and  good 
compressibility. 

2.  The  compressibility  of  thorium  powder  is  af- 
fected by  the  method  of  production   (the  calcium 
reduced  powder  is  harder  than  the  electrolytic  one), 
as  well  as  by  the  degree  of  purity. 

3.  The  pressure  required  to  obtain  briquettes  with 
a  density  of  10.5-11.0  gm/cm3  and  an  hid  ratio 
(h  =  height,  d  =  diameter)  of  ~0.5  with  pressure 
in  one  direction  or  ~1  with  pressure  in  two  direc- 
tions, is  8-12  tons  per  cm2  for  the  calcium  reduced 
powder  and  6-9  tons  per  cm2  for  the  electrolytic  one. 

4.  The  high  plasticity  of  thorium  powder  permits 
the  use  of  high  compacting  pressures  without  causing 
slipping  in  the  briquettes. 

Sintering  Process 

The  behaviour  of  the  powders  produced  by  the 
electrolytic  and  calcium  reduction  methods  was  com- 
pared in  studying  the  conditions  of  thorium  sintering. 

The  effects  of  the  sintering  temperature  and  the 
heating  period  on  the  density  and  tensile  properties 
of  the  compacts  were  studied  for  both  types  of 
powders. 

The  briquettes  were  sintered  in  a  vacuum  furnace 
at  a  pressure  of  approximately  5  X  10~3  mm  Hg. 

ELECTROLYTIC  METAL 

Influence  of  the  Sintering  Temperature  on  the 
Mechanical  Properties  of  Sintered  Bodies 

An  investigation  was  carried  out  using  compacts 
with  an  initial  density  of  the  order  of  11  gm/cm3, 
at  sintering  temperatures  ranging  from  900  to 
1500°C.  The  results  obtained  are  shown  in  Fig.  4. 

It  follows  from  these  data  that  the  maximum  value 
of  strength  (a&  =  14-15  kg/mm2)  is  attained  after 


sintering  at  1100°C,  and  remains  practically  un- 
changed at  the  higher  sintering  temperatures. 

Appreciable  tensile  elongation  is  observed  begin- 
ning at  a  sintering  temperature  of  1000°C  (8  &* 
10%).  The  elongation  rises  sharply  with  the  tem- 
perature up  to  1100°C  (8^20%)  and  then  con- 
tinues to  increase  slowly  up  to  the  sintering  tem- 
perature of  1500°  (8^26%)- 

The  high  density  obtained  in  the  pressed  compact 
does  not  change  throughout  the  range  of  sintering 
temperatures  studied. 

The  hardness  of  the  sintered  specimens  (HB  of 
the  order  of  40  kg/mm2)  also  remains  almost  un- 
changed throughout  this  temperature  range. 

A  study  of  the  microstructure  of  the  sintered  com- 
pacts shows  that  rccrystallization  begins  at  a  tem- 
perature of  1100°C.  This  promotes  the  formation 
of  true  metallic  contact  surfaces  (boundaries  be- 
tween the  newly  formed  grains),  which  is  the  rea- 
son for  the  sharp  increase  in  strength  and  plasticity. 

Thus,  a  temperature  of  1100°C  (about  0.7  melting 
point)  may  be  suggested  for  sintering  high-density 
compacts  from  the  electrolytic  powder.  A  more  dis- 
tinct polyhedric  structure,  resulting  in  somewhat 
higher  strength  and  plasticity  is  observed  at  the  sin- 
tering temperature  of  1200~1300°C  (~0.8M.  Ft). 
However,  as  will  be  shown  below  cold  pressing  after 
sintering  makes  it  possible  to  obtain  a  metal  of  high 
properties  at  a  sintering  temperature  no  higher  than 
1100°C. 

Effect  of  Exposure  on  the  Properties  of  Sintered 
Specimens  at  Given  Sintering  Temperature 

This  investigation  was  carried  out  using  briquettes 
with  an  initial  density  of  about  11  gm/cm3  at  sinter- 
ing temperatures  of  1100  and  1300°C.  The  heating 
time  was  varied  from  0.5  to  4  hours. 

Figure  5  shows  the  influence  of  the  sintering  time 
on  the  properties  of  the  specimens.  The  strength  of 
the  sintered  specimens  increases  insignificantly  from 
13  to  15  kg/mm2  with  time  at  1100  and  1300°  C. 

The  influence  of  heating  time  (from  0.5  to  4 
hours)  on  the  plastic  properties  of  thorium  at  a 
sintering  temperature  of  1100°C  is  characterized  by 
an  increase  in  its  elongation  from  15.3  to  21.6% 
and  at  1300°C,  from  22.5  to  29%.  The  figures  char- 
acterizing the  tensile  properties  of  the  sintered  metal 
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Figure  4.  Influence  of  sintering  temperature  on  mechanical 
properties  of  electrolytic  thorium  sintered  specimens 
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Figure  5.  Influence  of  heating  time  at  given  sintering  temperature 
on    properties    of    electrolytic    thorium    sintered    specimens.    Unin- 
terrupted  line,   1300°C;   interrupted   line,  1100°C 

indicate  that  at  1100°  and  especially  at  1300°  the 
sintering  process  and  the  formation  of  stable  metallic 
contacts  are  completed  on  the  whole  in  the  course  of 
half  an  hour. 

CALCIUM-REDUCED  METAL:  EFFECT  OF  THE 

SINTERING  TEMPERATURE  ON   THE  MECHANICAL 

PROPERTIES  OF  SINTERED  METAL 

The  study  of  sintering  conditions  for  calcium- 
reduced  thorium  established  that  blisters  and  cracks 
appear  on  briquettes  with  densities  greater  than  10.3 
gm/cm3  sintered  at  temperatures  above  1150-1200°. 
This  is  due  to  the  presence  of  residual  metallic  cal- 
cium oxide  in  the  powder.  On  heating  in  vacuo,  the 
oxide  reacts  with  the  metallic  thorium  to  form  metal- 
lic calcium.  The  latter  has  a  comparatively  high 
vapour  pressure,  and  evaporates  at  the  high  sintering 
temperatures,  causing  failures  in  the  continuity  of 
the  metal  and  forming  blisters  and  cracks.  This 
blistering  on  sintering  was  not  observed  in  more 
porous  briquettes  having  a  residual  porosity  greater 
than  15%  and  with  a  predominance  of  pores  passing 
right  through  the  briquette.  The  calcium  content  in 
such  sintered  briquettes  decreased  from  0.1%  in  the 
initial  powder  to  0.05-0.03%  in  the  sintered  body. 

In  view  of  this,  subsequent  experiments  on  the 
study  of  the  sintering  process  of  calcium  reduced 
metal  were  carried  out  using  briquettes  having  an 


initial  density  of  the  order  of  9  gm/cm3  (about  20% 
porosity).  The  average  results  of  these  experiments 
are  shown  in  Fig.  6. 

Unlike  briquettes  of  the  electrolytic  powder  with 
their  high  initial  density  which  hardly  changes  on 
sintering,  the  porous  briquettes  of  the  calcium  re- 
duced powder  are  characterized  by  considerable 
shrinkage.  Hence,  changes  in  the  tensile  properties 
of  the  calcium  reduced  metal  with  sintering  tempera- 
ture depend  to  a  great  extent  on  the  value  of  the 
residual  porosity. 

The  hardness,  strength  and  plasticity  of  the  metal 
is  increased  with  a  rise  in  the  sintering  temperature 
and  an  increase  in  the  density  of  the  sintered  bodies. 
The  tensile  strength  is  increased  from  10  kg/mm2 
at  900° C  to  22.5  kg/mm2  at  1400°C,  and  hardness 
from  43  kg/mm  to  75  kg/mm,  respectively.  The 
plastic  properties  of  the  specimens  are  low  at  all 
sintering  temperatures,  the  elongation  after  sintering 
at  1400°C  not  exceeding  5%. 

Thus,  despite  some  residual  porosity  in  the  sin- 
tered calcium  reduced  metal,  its  strength  and  hard- 
ness are  higher  than  those  of  the  electrolytic  one. 
At  the  same  time  the  sintered  calcium  reduced  metal 
is  less  ductile  than  the  electrolytic  one. 

COLD  PRESSING  AND  ANNEALING 

To  increase  the  density  of  the  sintered  bodies  and 
to  improve  their  tensile  properties  the  possibility  of 
compacts  cold  pressing  with  subsequent  annealing 
was  investigated. 

The  pressing  was  carried  out  in  steel  dies  under 
a  pressure  of  10-14  tons  per  cm2. 

The  pressed  specimens  were  annealed  for  one 
hour  under  vacuum  at  a  pressure  of  about  5  X  10~~8 
mm  Hg  and  a  temperature  of  1100°C.  The  proper- 
ties of  the  bodies  after  sintering,  pressing  and  an- 
nealing are  given  in  Table  II. 

This  data  indicate  that  pressing  and  annealing 
result  in  increasing  the  density,  which  is  especially 
important  for  bodies  made  of  the  more  porous  sin- 
tered ingots  of  the  calcium  reduced  metal,  as  well 
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Figure  6.  Influence  of  sintering  temperature  on  mechanical  prop- 
erties of  calcium-reduced  thorium  sintered  specimens 
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Table   II.     Mechanical    Properties   of   Sintered    and 
Pressed  Thorium  Specimens 


Sinter- 

ing tem- 

Den- 

Original 

pera- 

Characteristics 

sity 

Ob 

0>            i'~(l 

UH 

powder 

ture  °C 

of  specimens 

gm/ 

kg/ 

kg/ 

kg/ 

t-m* 

mm* 

mm* 

mm* 

Electrolytic    1100  Sintered 
F,lectrolytic    1300  Sintered 

1300  Pressed 
without 
annealing 


11.30    14.7      7.8    28.0    50 
11.35     15.2      8.0    30.0    53 


11.60    14.6    13.8      0.0    84 


1100  Pressed 

and  annealed  11. 59    16.6      8.0    35.0    53 
1300  Pressed 

and  annealed  11.62     16.6      8.3    43.0    51.3 


Calcium 
reduced 


1100  Sintered 


10.77    17.6    11.0    10.3    69.0 


1100  Pressed 

and  annealed  11.51    21.7    13.5    20.0    70.0 
1300  Pressed 

and  annealed  11,55    22.1    13.7    17.4    70.C 


as  increasing  tensile  strength,  hardness  and  plasticity. 
A  parallel  increase  in  ductility,  tensile  strength 
and  hardness  accompanies  changes  in  the  techno- 
logical conditions  and  is,  in  this  case,  specific  for 
powder  metallurgy  products  and  does  not  coincide 
with  the  general  principles  regarding  the  changes  in 
strength  and  ductility  of  cast  non-porous  metals. 


Table  III.      Properties  of  Thorium  Bodies  Obtained 

by  Powder  Metallurgy  Method  from  Calcium 

Reduced  and  Electrolytic  Powders 


Properties 


Electrolytic 


Calcium' 
reduced 


Lattice  constant,  kX 
True,  or  X-ray  density,  gin/cm8 
Melting  point,  °C 
Density  of  compact  metal,  gm/cm8 
Hardness,  H«,  kg/mm2 
Ultimate  strength,    *B  kg/mm2 
Yield  strength  <r«  kg/ mm2 
Elongation,  «% 
Impact  strength,  a*,  kg-m/cm2 
Linear  thermal  expansion 
coefficient      0-100  °C 
100-800 °C 

Specific  resistivity,  ohm.cm 
Thermal  conductivity 
kcal/m-hr-  °C 


5.07 

11.75 

1700  =b  20 


11.60 

52 

17 

8 

35-43 

1.3 


11.50 

70 

22 

13 

17-23 
0.64 


11.3-11.5  X  10~6 

16.3-16.5  X  10-6 

25-30  X  10-e 

^  37 


Besides  improving  the  properties  of  the  metal,  the 
introduction  of  the  compact  pressing  process  after 
sintering  makes  it  possible  to  lower  the  sintering 
temperature  to  1100°C  without  deterioration  of  the 
properties  of  the  metal. 

Specimens  of  compact  thorium  obtained  by  the 
process  described  above  were  examined  to  ascertain 
physical  and  mechanical  properties.  The  results  are 
given  in  Table  III. 
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DISCUSSION  OF  P/407,  P/341,  P/636  AND  P/635 

Mr.  A.  WILHELM  (USA)  :  In  connection  with  Mr. 
Grainger's  paper,  I  have  some  comments  to  make 
with  reference  to  the  experience  in  the  United  States 
on  the  reduction  of  uranium  tetrafluoride  with  Mg. 

Magnesium  reduction  of  uranium  tetrafluoride  was 
developed  in  the  United  States  late  in  1942  and  was 
put  into  full  scale  production  early  in  1943.  Yields 
of  around  98  per  cent  of  the  metal  can  be  readily 
maintained  on  a  tonnage  production  scale  by  this 
process.  The  reaction  between  UF4  and  magnesium 
develops  about  45  kcal  less  heat  per  mol  of  uranium 
than  the  well-known  calcium  reduction  of  the  tetra- 
fluoride. Therefore  additional  heat  must  be  added 
to  the  UF4  plus  magnesium  charge  for  the  products 
of  the  reaction  to  reach  a  temperature  sufficient  to 
yield  the  metal  and  slag  phases  in  the  liquid  condi- 
tion and  result  in  good  separation. 

This  heat  may  be  added  by  an  auxiliary  reaction, 
referred  to  as  a  thermal  booster,  or  by  pre-heating 
the  charge  to  the  ignition  temperature.  Either  case 
can  result  in  good  separation  of  the  phases.  The  lat- 
ter, or  pre-heating  process,  has  been  employed  in 
tonnage  production  of  uranium  metal. 

Since  the  temperature  reached  by  the  reacting 
charge  in  this  reduction  is  well  above  the  normal 
boiling  point  of  magnesium,  it  is  necessary  to  carry 
out  the  reaction  in  a  closed  vessel  or  bomb.  The 
bomb  is  made  of  seamless  steel  pipe.  In  order  to 
prevent  reaction  of  the  charge  or  products  with  the 
bomb,  it  is  lined  with  a  suitable  refractory  material 
such  as  "dead  burnt"  lime. 

The  lined,  charged  and  closed  bomb  is  set  in  a 
furnace  maintained  at  around  600°  C  and  allowed 


to  heat  until  the  reaction  is  initiated.  After  the  re- 
action subsides  the  bomb  is  removed  from  the  fur- 
nace and  after  cooling  the  massive  piece  of  uranium, 
referred  to  as  a  "biscuit,"  is  removed  from  the  bomb. 
Charges  yielding  biscuits  weighing  about  40  Ib  each 
and  130  Ib  each  were  employed  in  the  early  produc- 
tion plant.  A  few  special  charges  yielding  235  Ib 
of  metal  in  one  piece  were  also  employed.  Further 
details  of  the  process  may  be  found  in  Paper  P/817. 

The  CHAIRMAN  :  There  is  a  question  from  Mr. 
F.  H.  Speckling  (USA)  to  Mr.  Meyerson  on  P/635 : 

"I  should  like  to  ask  Mr.  Meyerson  what  the 
oxygen  content  of  the  finished  thorium  product  is, 
and  how  was  this  content  determined?" 

Mr.  MEYERSON  (USSR) :  The  oxygen  content  in 
the  powdered  metal  is  evaluated  from  analysis  fig- 
ures for  the  total  thorium  content  which  I  cited. 
The  thorium  content  is  99.8%.  The  remainder  is 
principally  oxygen  in  the  form  of  a  thin  oxide  film 
surrounding  each  particle  of  the  powder.  Naturally, 
in  the  subsequent  process  of  sintering  in  a  vacuum 
this  oxygen  is  not  eliminated,  since  its  chemical 
bond  with  the  metal  is  very  strong. 

The  CHAIRMAN:  The  next  question  is  from  Mr. 
F.  G.  Foote  (USA),  also  to  Mr.  Meyerson  regard- 
ing P/635 : 

"Have  you  melted  any  of  your  thorium?  If  so, 
how,  and  how  did  properties  of  the  melted  thorium 
compare  with  those  of  the  sintered  product?" 

Mr.  MEYERSON  (USSR)  :  We  ran  some  tests  on 
melting  the  thorium  powder,  both  by  heating  it  in 
beryllium  oxide  crucibles  in  the  usual  way  and  on 
the  laboratory  scale  by  heating  it  in  an  arc  furnace 
in  a  water-cooled  copper  crucible.  We  found,  how- 
ever, particularly  in  the  first  case,  that  the  quality 
of  the  thorium  we  melted  in  a  fire-proof  crucible 
was  no  better  than  that  of  the  sintered  product.  On 
the  other  hand,  the  cast  ingot  always  requires  further 
processing — machining — which  results  in  a  consider- 
able waste  of  metal.  Consequently,  since  we  did  not 
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need  to  produce  large  ingots,  we  did  not  pursue  the 
development  of  this  method,  but  instead  turned  our 
attention  to  the  powder  metallurgy  process  which,  as 
I  showed,  gives  satisfactory  results. 

Mr.  J.  M.  KAY  (UK)  :  I  should  like  to  put  a  ques- 
tion to  Mr.  Danckwerts.  In  his  paper  he  mentioned 
the  interesting  possibility  of  using  a  fluidized  bed 
technique  for  the  dry  stages  of  his  process  in  going 
from  uranyl  nitrate  to  UF4.  Would  he  be  willing  to 
comment  further  on  some  of  the  chemical  engineering 
problems  in  carrying  out  that  process  on  an  indus- 
trial scale? 

Mr.  DANCKWERKTS  (UK)  :  We  have  been  doing 
some  development  work  along  these  lines.  Apart 
from  the  obvious  attractions  of  a  continuous  process 
against  a  batch  process  such  as  1  have  described,  the 
most  startling  result  likely  to  come  from  the  sub- 
stitution of  a  fluidized  bed  reaction  of  the  type  used 
in  the  present  "Dryway"  plant  rises  from  the  fact 
that,  of  course,  the  mass  transfer  rates  between  the 
gas  and  the  surface  of  the  solid  with  which  it  is 
reacting  will  be  very  much  higher  in  a  fluidized  bed 
than  in  the  present  "Dryway"  type  of  reactor,  in 
which  the  material  is  in  a  fairly  thick  layer  on  a  tray 
and  the  gas  merely  blows  over  the  top  of  the  layer, 
so  that  all  the  action  has  to  take  place  by  diffusion  of 
the  gas  into  the  layer.  In  the  case  of  a  fluidized  bed, 
the  solid  is  in  the  form  of  fairly  small  particles 
which  are  in  rapid  motion  relative  to  the  gas,  and 
therefore  the  reaction  is  very  much  quicker.  This, 
I  think,  may  result  in  quite  a  startling  reduction  in 
the  size  of  the  plant  required  to  produce  a  given 
quantity  of  the  uranium. 

We  are  actively  engaged  in  pursuing  fluidized  bed 
techniques  for  the  conversion  of  uranyl  nitrate  to 
uranium  trioxide,  and  for  the  reduction  of  uranium 
trioxide  to  uranium  dioxide,  and  for  the  transforma- 
tion of  this  into  uranium  tetrafluoride. 


Mr.  J.  MALY  (Czechoslovakia)  :  I  have  a  question 
for  Mr.  Danckwerts.  The  precipitation  of  uranium 
peroxide  from  a  weakly  acid  solution  gives  a  purer 
product  than  the  precipitation  of  ammonium  uranate 
from  an  alkaline  solution.  Why  is  it  that  at  the 
Springfield  works  uranium  peroxide  is  precipitated 
before  extraction  and  ammonium  uranate  after  ex- 
traction? Why  not  the  other  way  round? 

I  should  also  like  to  ask  Mr.  Danckwerts  what 
materials  were  used  in  England  for  making  the  ap- 
paratus in  which  the  various  stages  of  the  production 
of  uranium  metal  were  carried  out  after  extraction 
of  uranyl  nitrate.  In  what  atmosphere  is  the  fusion 
of  the  uranium  in  the  UF4  +  Ca  reaction  carried 
out? 

Mr.  DANCKWERTS  (UK):  If  I  have  understood 
it  correctly,  the  first  question  is  why  we  do  not  re- 
verse the  order  of  precipitation,  precipitating  with 
ammonia  before  peroxide.  I  take  that  to  be  the  sense 
of  the  question,  and  I  can  only  say  that  I  do  not 
know.  This  is  now  a  matter  of  history.  Presumably 
at  the  time  that  the  factory  was  built  this  was  the 
only  process  which  had  been  worked  out  in  the 
laboratory,  and  it  was  therefore  incorporated  in  the 
factory.  I  am  afraid  that  I  have  no  other  reason  to 
give. 

The  second  question,  I  think,  refers  to  the  fabrica- 
tion of  the  uranium  into  fuel  elements  after  the 
production  of  the  metal  billet.  This  is  also  done  at 
the  Springfields  factory,  but  I  did  not  include  it  in 
my  talk  today  because  I  was  not  concerned  with  this 
kind  of  topic. 

In  mentioning  the  smelting  of  uranium  I  do  not 
know  whether  the  speaker  refers  to  the  reduction 
stage.  If  he  does,  I  would  say  that  the  reduction 
stage,  which  is  the  reaction  between  calcium  and 
uranium  tetrafluoride,  takes  place  at  atmospheric 
pressure. 


Session  15B.2 

ANALYTICAL  METHODS  OF  RAW  MATERIAL  PRODUCTION 

LIST  OF    PAPERS 

Page 

P/952    Analysis  of  uranium  and  thorium  raw  materials C.  J  *  Rodden         197 

P/627    Physico-chemical    methods    of    uranium    production 

control A.  P.  Vinogradov         206 

P/116    The  analysis  of  low-grade   uranium  ores  and  their 

products   M.  D.  Hassialis  and  R.  C.  Musa        216 

P/978    The  application  of  analytical  chemistry  to  the  study 

and  evaluation  of  uranium  minerals A.  Herculano  de  Carvalho         222 

P/629    Determination  of  small  quantities  of  uranium  in  ores P.  N.  Paley         225 

P/630    The  physical  method  of  determining  the  content  of 

uranium,  radium  and  thorium  in  radioactive  ores G.  R.  Golbek  c t  al.         234 

P/976    Analysis  of  mixed  uranium  and  thorium  ores  by  the 

measurement  of  gamma  radiation  A.  M.  Baptista  and  J.  Palacios         241 

P/1008  Determination  of  the  U235  content  in  uranium  by  a 

radiochemical  method I.  G.  de  Fraenz  and 

W.  Seelman-Eggebert        246 

P/117  Determination  of  microgram  and  submicrogram  quan- 
tities of  thorium  by  neutron  activation  analysis  ...  .  G.  W.  LeddicotteandH.  A.  Mahlman  250 

P/964  Polarography  of  uranium  polarographic  determination 
of  uranium  in  ores  without  preliminary  chemical  separa- 
tion   M.  V.  Susie  254 

P/1004  Application  of  the  polarographic  technique  to  the  de- 
termination of  tin  in  uranium  compounds  C.  Sambucetti  ct  al.  260 

P/1005  Polarographic  determination  of  copper,  cadmium,  zinc, 
nickel,  cobalt,  lead  and  bismuth  in  uranium  and  its 
compounds  C.  Sambucetti  ct  al.  266 

P/942  Contributions  to  methods  of  measuring  the  concentra- 
tions of  uranium  and  thorium  in  minerals  (nuclear 
emulsions)  A.  Soltan  271 

P/1095  A  method  for  the  measuring  of  uranium  and  thorium 

using  nuclear  emulsions  M.  Petrascou  and  C.  Besliu  273 

P/136    The  employment  of  liquid  emulsion  for  the  estimation 

of  uranium  from  radioactive  minerals   F.  A.  G.  A.  Brandao  et  al.        274 

P/628    Chromatographic  determination  of  uranium  in  various 

materials    D.  I.  Ryabchikov  and 

M.  M.  Senyavin        278 
P/959     Paper  chromatographic  separation  of  uranium  in  natural 

resources    D.  Cvjeticanin  and  N.  Belegisanin         285 

P/990    Effect  of  petroleum  ether  on  the  separation  of  uranium 

in  low  grade  samples  when  using  cellulose  columns D.  Lebez  and  M.  Ostanek        289 

P/818    The  use  of  ion  exchange  resins  for  the  determination 

of  uranium  in  ores  and  solutions S.  Fisher  and  R.  Kunin        291 

P/1107  Strychnine  uranyl  fluoride:  a  new  uranium  compound 
suitable  for  the  determination  of  fluorine  and  of  ura- 
nium in  presence  of  some  other  metals  A.  Riad  Tourky  and  A.  M.  Amin  294 

P/1007  Separation  of  alkali  metals  and  alkaline  earth  metals 
from  uranium  and  their  determination  by  flame  spec- 

trophotometry   J.  F.  Possidoni  de  Albinati  and 

J.  H.  Capaccioli        299 


LIST   OF    PAPERS     (Continued; 

Page 

P/1011  Estimation  of  traces  of  gallium,  indium  and  thallium 
by  flame  spectrophotometry.  Its  application  in  the 
analysis  of  high  purity  uranium  A.  F.  Lagos  307 

P/1006  Estimation  of  lanthanum,  iron  and  magnesium  by  flame 

spectrophotometry J.  F.  Possidoni  dc  Albinati         313 

P/532    Spectrophotometric    determination    of    uranium    with 

thiocyanate  in  acetone-ethyl  acetate-water  medium O.  A.  Nietzel  and  M.  A.  DeSesa         320 

P/1012  Spectrophotometric  determination  of  microquantities  of 

beryllium  with  />-nitrobenzene-azo-orcinol J.  L.  Huguet  and  A.  Aguilo         325 

P/1014  Spectrophotometric   evaluation   of   microquantities   of 

boron    J.  F.  Possidoni  de  Albinati  and 

R.  H.  Rodriguez  Pasques         339 

P/1013  Separation  and  determination  of  zirconium  in  samples 

of  uranium  and  beryllium J.  F.  Possidoni  de  Albinati  and 

J.  H.  Capaccioli         344 

P/1009  Determination  of  microquantities  of  cadmium  in  ura- 
nium   R.  II.  Rodriguez  Pasques  and 

J.  F.  Possidoni  de  Albinati         350 

P/989    Determination  of  uranium  in  iron L.  Kosta         356 

P/966    Complex  formation  between  uranyl  ion  and  /-ascorbic 

acid  Ivan  J.  Gal         357 

P/1123  Contribution  to  the  study  of  the  method  and  factors 
affecting  the  Spectrophotometric  determination  of  traces 

of  boron  with  carmine  in  uranium  compounds R.  Fernandez  Cellini  and 

L.  Gascc'i  Sanchez         364 


Analysis  of  Uranium  and  Thorium  Raw  Materials 


By  C.  J.  Rodden,*  USA 

The  present  article  is  a  summary  of  the  methods 
of  analysis  as  applied  to  uranium  and  thorium  ores 
and  concentrates.  In  addition  to  methods  for  uranium 
and  thorium,  consideration  is  given  to  the  determin- 
ation of  undesirable  impurities  in  concentrates.  It  is 
realized  that  many  other  methods  may  be  applicable 
but  the  ones  given  have  proved  satisfactory  for  the 
use  intended. 

SAMPLING 

The  problem  of  sampling  uranium  and  thorium  in 
ores  and  concentrates  is  a  very  important  part  of 
the  over-all  analytical  program. 

Owing  to  the  high  density  of  the  mineral  pitch- 
blende and  other  uranium  minerals,  there  is  a  tend- 
ency to  segregate  even  under  presumably  normal 
sampling  conditions.  An  example  of  this  is  given  in 
the  sampling  of  pitchblende  ore.  Originally  a  two-step 
Vezin  sampler,  Figs.  1  and  2,  was  used  with  a  mix- 
ing barrel  between  the  Vezins.  Owing  to  dusting 
problems,  this  was  changed  to  the  arrangement 
shown  in  Fig.  3  where  a  mixing  disc  was  used  be- 
tween the  Vezins.  With  this  arrangement  it  was 
found  that  segregation  took  place  on  the  mixing 
disk  due  to  differences  in  the  density  of  pitchblende 
and  the  gangue  material.  Recent  sampling  has  been 
clone  with  a  Galigher  sampler  which  goes  back  and 
forth  across  the  entire  stream. 

Concentrates  of  uranium  in  many  instances  con- 
tain a  large  proportion  of  UO3.  This  compound  has 
the  characteristics  of  forming  hydrates.  The  com- 
pound UO3  •  2H2O  formed  at  low  temperature  will 
give  up  some  of  its  water  of  crystallization,  while 
UO3  formed  at  a  higher  temperature  will  pick  up 
water  to  form  a  hydrate.  The  extent  of  this  hydra- 
tion  will  be  affected  by  the  temperature  and  humidity. 
Materials  of  this  type  have  been  found  very  difficult 
to  sample  and  then  dry  to  a  constant  weight.  A 
mixer-blender,  Fig.  4,  has  been  used  with  some  suc- 
cess with  this  type  of  material.  The  material  is  not 
dried  but  is  sampled  on  the  "as  received"  basis.  The 
blender  is  fitted  with  revolving  choppers  inside  which 
break  up  clumps  of  material  and  give* a  uniform 
product.  The  choppers  run  at  about  2000  revolutions 
per  minute  while  the  entire  blender  rotates  at  about 
60  times  per  minute.  The  sample  is  then  bottled, 
sealed  and  opened  only  when  actually  analyzed.  The 
analysis  is  done  on  the  "as  received"  basis  with  no 
further  drying. 


*  New  Brunswick   Laboratory. 


Thorium  concentrates  cannot  be  ignited  without 
forming  an  oxide  which  is  insoluble.  When  dried  at 
lower  temperatures,  some  concentrates  have  shown 
the  same  behavior  as  with  uranium  concentrates.  In 
such  instances  the  above  mixer-blender  has  also  been 
employed. 

SEPARATIONS 

Uranium 

The  methods  for  separating  uranium  from  inter- 
fering elements  are  divided  into  two  categories.  In 
one,  the  uranium  is  separated  from  all  other  inter- 
fering elements,  while  in  the  other,  the  interfering 
elements  arc  separated  from  the  uranium. 

In  the  first  instance,  solvent  extraction  is  usually 
employed.  This  may  be  by  the  continuous  diethyl 
ether  extraction  of  a  solution  of  the  nitrate  saturated 
with  ammonium  nitrate;  1>2  an  ethyl  acetate  extrac- 
tion of  a  nitrate  solution  saturated  with  magnesium 
or  aluminum  nitrate;3*4  or  a  tributyl  phosphate  ex- 
traction of  a  nitrate  solution.5*6  These  methods  are 
used  for  residues  and  low  grade  ores,  prior  to  a 
colorimetric  or  fluorimetric  determination.  In  the 
extraction  with  tributyl  phosphate  a  mixture  of 
equal  parts  of  tributyl  phosphate  and  methyl  isobutyl 
ketone  or  diethyl  ether  is  used.  There  is  better  phase 
separation  with  this  mixture  than  with  tributyl 
phosphate  alone.  A  nitrate  solution  containing  30% 
nitric  acid  by  volume  is  extracted  with  the  above 
mixture.  After  extraction,  the  organic  layer  is  wash- 
ed several  times  with  a  solution  containing  5%  potas- 
sium iodate  in  30%  nitric  acid  followed  by  a  30% 
nitric  acid  wash  to  remove  any  iodate.  In  this  way 
any  impurities,  especially  thorium  and  zirconium 
extracted  by  the  tributyl  phosphate,  are  removed. 
The  uranium  is  stripped  from  the  organic  solution 
with  a  25%  ammonium  acetate  solution.  The  ura- 
nium can  then  be  determined  by  any  convenient 
method  such  as  colorimetrically  or  fluorimetrically. 
The  method  is  applicable  to  a  variety  of  materials 
such  as  low  grade  ores  and  monazite  sand. 

The  above  method  is  not  applicable  in  the  presence 
of  a  large  amour t  of  thorium  such  as  in  the  determin- 
ation of  uranium  in  thorium  nitrate.  In  the  case  of 
thorium  nitrate,  the  salt  is  heated  to  400°C  to  450°C 
to  decompose  the  nitrate.  The  oxide  is  dissolved  by 
heating  in  hydrochloric  acid  and  a  few  milliliters  of 
5%  hydrofluoric  acid.  The  resulting  solution  is 
made  up  to  contain  60  ml  of  hydrochloric  acid  per 
100  ml  of  solution.  This  is  extracted  with  tributyl 
phosphate-diethyl  ether  ( 1  to  1 )  and  then  the  organic 
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Figure  1.  Simple  Yezin   sampler 

phase  is  washed  four  times  with  60%,  by  volume, 
hydrochloric  acid.  The  organic  phase  is  then  washed 
once  with  30%,  by  volume,  nitric  acid  and  then 
twice  with  a  potassium  iodate  solution  (5%  in  30% 
nitric  acid  by  volume).  The  remaining  iodate  in  the 
organic  phase  is  removed  by  washing  once  with  30%, 
by  volume,  nitric  acid.  The  uranium  is  stripped  from 
the  organic  phase  with  25%  ammonium  acetate  and 
determined  either  colorimetrically  or  fluorimctrically. 

Occasional  use  is  made  of  a  cellulose  column  to 
separate  uranium.7  In  this  method  ether  is  used  to 
strip  uranium  from  a  nitrate  solution  which  has 
been  absorbed  on  a  cellulose  column.8  The  method 
is  applicable  to  materials  having  a  wide  range  of 
uranium  concentrations. 

The  method  generally  used  for  the  separation  of 
impurities  prior  to  the  determination  of  uranium  is 
that  in  which  heavy  metals  are  removed  by  a  hy- 
drogen sulfide  precipitation  followed  by  a  cupferron- 
chloroform  extraction  in  10%  sulfuric  acid  solution 
to  remove  insoluble  cupferrates.9  This  procedure  is 
used  for  high  grade  ores  and  concentrates.10  In  a 
variation  of  the  above11  the  uranium  is  first  precipi- 
tated as  the  phosphate  which  is  then  purified  by  a 
cupferron-chloroform  extraction. 

Thorium 

The  separation  of  thorium  by  solvent  extraction 
using  diethyl  ether  in  15%,  by  volume,  nitric  acid, 
after  absorbing  the  solution  of  the  nitrate  on  a  cel- 
lulose column,  has  been  used  in  some  instances.7  This 
procedure  has  the  advantage  that  uranium  and  tho- 
rium can  be  separated  from  the  same  sample. 

One  of  the  most  useful  solvent  extraction  methods 
for  separating  thorium  is  that  employing  mesityl 
oxide  to  extract  thorium  nitrate  from  impurities.12 

Of  the  precipitation  methods,  the  one  chiefly  used 
in  the  analysis  of  high  grade  ores  and  concentrates 
is  that  employing  a  combination  of  the  fluoride,  hex- 
amine  and  oxalate  precipitation.18 


GRAVIMETRIC  METHODS 
Uranium 

The  gravimetric  determination  of  uranium  is 
seldom  employed  at  the  present  time,  the  disadvan- 
tage being  that  in  most  instances  it  is  usually  neces- 
sary to  have  a  solution  which  contains  uranium  and 
no  other  impurities. 

Precipitation  with  ammonium  hydroxide  followed 
by  ignition,  at  900° C  under  good  oxidizing  condi- 
tions, to  U3O8  is  occasionally  employed.  The  ignition 
of  uranyl  nitrate  after  extraction  with  ether  has  been 
used.  It  has  been  found,  however,  that  when  uranyl 
nitrate  is  heated  to  the  oxide,  an  excessively  long 
time  is  required  for  complete  conversion.  If  a  small 
amount  of  hydrofluoric  acid  is  added,  the  conversion 
time  is  shortened  considerably. 

Thorium 

The  gravimetric  method  for  thorium  is  still  the 
one  most  commonly  used  for  the  analysis  of  ores 
and  concentrates.  Thorium  is  usually  separated  from 
interfering  elements  by  a  potassium  bifluoride  fu- 
sion followed  by  a  hexamine  and  oxalate  precipita- 
tion.13 The  above  procedure  is  used  for  contractual 
assay  purposes.  The  precipitation  as  the  peroxyni- 
trate  is  employed  for  both  high  and  low  grade  ores 
by  the  US  Geological  Survey.14 

VOLUMETRIC  METHODS 
Uranium 

In  the  volumetric  determination  of  uranium  the 
solution  purified  from  interfering  elements,  gener- 
ally by  a  cupferron  extraction,  is  reduced  in  an 
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amalgamated  zinc  redactor15'16  to  U4+  with  some 
U3H .  The  U3+  is  converted  to  U4+  by  aeration.17*18. 
The  U41"  is  oxidized  to  U6+  either  by  the  use  of 
potassium  dichromate,19'20  with  sodium  diphenyl- 
amine  sulfonate  as  an  indicator,  or  by  eerie  sulfate, 
with  ferrous  1-10-phenanthroline  sulfate  as  an  in- 
dicator.21 In  the  case  of  the  dichromate  titration,  fer- 
ric chloride  is  used  to  oxidize  the  U4+  prior  to 
titration.  A  precision  of  1  part  per  thousand  is  usually 
obtained  with  both  methods.  Occasional  use  is  made 
of  the  permanganate  titration  method.18  The  use  of 
an  added  indicator,22  ferrous  1-10-phenanthroline, 
is  helpful  with  the  permanganate  titration. 

Thorium 

Volumetric  methods  for  thorium  are  rarely  em- 
ployed except  on  essentially  pure  materials  such  as 
thorium  nitrate  where  the  disodium  salt  of  ethylenc 
diaminctetra-acetic  acid  is  used  with  Alizarin  Red  S 
as  the  indicator.23'24 

This  method  has  been  used  after  separation  of 
thorium  from  interfering  elements  with  a  mesityl 
oxide  extraction  of  the  nitrate.25 

COLORIMETRIC  METHODS 
Uranium 

While  some  reagents  are  more  specific  for  uranium 
than  others,  in  general,  a  separation  prior  to  a 
colorimetric  determination  is  necessary.  The  alkaline 
peroxide  method2'26  is  widely  used  for  low  grade 
concentrates  and  plant  products.  It  is  generally 
used  after  separating  the  uranium  by  an  ether  extrac- 
tion. The  thiocyanate  method27'28  is  used  to  a  con- 
siderable extent  in  the  analysis  of  low  grade  ores.  It 
is  used,  after  separating  the  uranium  by  an  ethyl 
acetate  extraction,  either  directly  in  the  acetate  solu- 
tion29 or  after  stripping  the  acetate  solution  with 
water.28  The  oxine  procedure6  has  proved  quite  suc- 
cessful for  the  analysis  of  various  mineral  concen- 
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Figure  4.  Mixer-blender 

t rates.  It  has  the  advantage  of  stability  of  color  and 
sensitivity  to  low  concentrations  of  uranium.  It  has 
the  disadvantage  that  essentially  all  impurities  must 
be  removed.  This  is  readily  done  by  a  tributyl  phos- 
phate separation  in  strong  nitric  acid  and  back  wash- 
ing the  solvent  layer  with  nitric  acid  to  remove  im- 
purities. 

Thorium    t 

The  method  most  commonly  used  is  based  on  the 
red  color  developed  with  l-(0-arsenophenylazo)-2- 
naphthol-3-6  disulfonic  acid.80'31'25  The  method  is 
useful  for  the  determination  of  thorium  in  low  grade 
ores  and  tailings.  It  has  been  applied  to  monazite25 
after  separation  of  the  thorium  with  mesityl  oxide 
and  to  uranium  concentrates  after  separation  with 
tributyl  phosphate.5 

POLAROGRAPHIC  METHODS 

The  polarographic  method  is  occasionally  used  for 
the  determination  of  uranium  in  ores  and  concen- 
trates. Tributyl  phosphate  may  be  used  to  extract 
uranium  from  impurities.32  A  polarographic  wave  is 
given  by  uranium  when  the  tributyl  phosphate  is 
diluted  with  glacial  acetic  acid,  and  ammonium 
acetate  is  added  as  the  electrolyte.  The  wave  has  a 
half-wave  potential  of  about  — 0.7  volts  versus  the 
mercury  pool  electrode,  and  the  wave-height  is  propor- 
tional to  the  uranium  concentration. 

For  the  determination  of  uranium  the  tributyl 
phosphate  extract  is  diluted  with  at  least  four  parts 
of  glacial  acetic  acid  containing  2%,  by  volume,  of 
water.  A  suitable  concentration  of  ammonium  ace- 
tate is  0.25^17.  The  method  is  satisfactory  for  the 
determination  of  uranium  in  concentrations  down  to 
20  y  of  uranium  per  milliliter  of  tributyl  phosphate. 

FLUORIMETRIC  METHODS 

The  fluorimetric  method  is  used  for  the  analysis 
of  low  grade  ores  and  tailings.  It  is  also  used  for  the 
determination  of  uranium  in  thorium  ores  and  con- 
centrates. 
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In  practically  all  instances  a  prior  separation  of  the 
uranium  by  solvent  extraction  is  desirable.  The  sol- 
vent containing  the  uranium  is  placed  on  a  platinum 
or  gold  disc,  the  solvent  volatilized  and  the  uranium 
fused  with  sodium  fluoride33  or  a  mixture  of  sodium 
fluoride  and  sodium  carbonate.4  The  fluorescence  is 
usually  measured  in  a  reflection  type  of  fluorimeter.34 

THE  DETERMINATION  OF  NEUTRON  ABSORBERS 

The  presence  of  neutron  absorbers  in  concentrates 
especially  those  for  use  in  the  preparation  of  either 
uranium  or  thorium  metal  is  undesirable.  In  order 
to  determine  the  amount  of  these  neutron  absorbers, 
two  approaches  have  been  made.  One,  the  "shotgun" 
analysis,  so  named  since  it  takes  in  many  elements,  is 
a  method  of  measuring  the  total  neutron  absorbing 
effects  of  the  impurities  present  in  uranium  and 
thorium  materials  in  terms  of  boron.  The  other  ap- 
proach is  to  determine  each  of  the  individual  elements 
and  determine  the  absorption  effects  by  calculation 
from  the  individual  capture  cross  section  of  the 
elements. 

"Shotgun"  Method 

The  method  employed  for  the  "shotgun"  pro- 
cedure35*36 is  to  extract  the  uranium  or  thorium  from 
the  impurities  by  solvent  extraction,  in  the  case  of 
uranium  the  sample  is  converted  to  the  nitrate  and 
extracted  with  diethyl  ether.  After  washing  the 
ether  extract  and  combining  the  washings  with  the 
aqueous,  layer,  the  combined  aqueous  layers  are 
boiled  down  and  another  ether  extraction  is  made 
on  the  aqueous  layer.  This  process  is  repeated  until 
the  final  amount  of  uranium  oxide  left  containing 
most  of  the  neutron  absorbing  impurities  present  in 
the  original  sample  is  reduced  to  2  to  8  grams.  In 
the  case  of  thorium,  a  tributyl  phosphate  extraction 
is  done  in  the  same  manner  as  uranium. 

An  arrangement  for  making  accurate  neutron  ab- 
sorption measurements  requires  a  high  neutron  flux, 
properly  collimated  and  thermalized.  Paraffin  has 
been  employed  as  a  moderator  to  obtain  adequate 
thermalization  of  the  fast  neutron  flux.  The  neutron 
intensity  is  measured  by  a  boron  film  counter,  which 
is  dependent  on  the  B10(n,«)LiT  reaction. 

A  convenient  source  of  neutrons  to  use  for  the 
neutron  absorption  apparatus  is  a  radium-beryllium 
mixture.  The  neutron  energies  from  this  source, 
however,  are  high  and  range  from  2  to  13  Mev.37 
The  neutrons  must  be  passed  through  a  moderator 
to  slow  them  to  thermal  energies. 

A  hydrogenous  moderator  has  the  duel  advantage 
of  a  high  scatter  and  a  small  capture  cross  section. 
Further,  the  smaller  the  mass  of  the  nucleus  with 
which  the  neutron  collides,  the  more  energy  it  gives 
up.  The  fraction  of  the  slow  neutron  beam  absorbed 
on  passing  through  the  sample  can  be  calculated  to 
a  first  approximation  by  the  equation, 


cles  /ctrr-sec;  N  is  the  number  of  atoms  per  cubic 
centimeter  of  target  material;  <r  is  the  cross  section 
of  target  material  expressed  as  square  centimeters  of 
effective  area  per  nucleus ;  and  x  is  the  target  thick- 
ness in  centimeters. 

The  neutron  source  is  a  radium-beryllium  mixture 
(2.5  gm  Ra  +  7.5  gm  Be)  enclosed  in  a  Monel  metal 
capsule.  The  moderator  used  to  thermalize  the  fast 
neutrons  of  the  source  consists  of  paraffin. 

The  apparatus38  used  is  shown  in  Fig.  5. 

The  counter  is  a  disc-type  proportional  methane 
flow  counter.  The  counting  volume  is  defined  by  two 
parallel  plates,  one  of  which  is  coated  with  enriched 
B10  and  a  rectangular  support  for  the  central  high 
voltage  wire  network.  The  care  taken  in  construc- 
tion, and  handling  of  the  counter  is  critical.  The  de- 
tails of  construction  of  the  counter  are  shown  in 
Figs.  6  and  7. 

The  boron  coated  aluminum  disc  is  approximately 
one  inch  in  diameter,  and  has  a  coating  of  4.4  mg 
of  enriched  B10  plated  evenly  over  it.  The  collecting 
electrode  used  is  a  tungsten  wire  0.002  inch  in 
diameter.  The  tensile  strength  of  tungsten  is  high 
and  the  wire  used  was  relatively  free  of  irregular- 
ities as  determined  by  microscopic  inspection.  The 
holes  in  the  inside  aluminum  rectangle  are  drilled 
accurately  and  the  wires  kept  under  tension  so  that 
a  uniform  electric  field  can  be  obtained  in  the  counter. 
Tension  on  the  wires  is  maintained  by  placing  a  small 
coil  of  spring  wire  under  the  glass  U-shaped 
insulators  as  shown  in  Fig.  7.  One  end  of  the  wire 
is  anchored  in  a  glass  bead  formed  in  the  end  of  a 
short  length  of  glass  tubing  and  the  other  brought 
out  to  the  high  voltage  connector  through  a  glass 
tube. 

The  distance  between  the  wires  and  the  distance 
between  the  two  parallel  plates  is  such  that  the  most 
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where  7  and  70  are  the  final  and  initial  intensities  of 
the  incident  particles  expressed  as  number  of  parti- 
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Figure  6.  Neutron  counter 


energetic  alpha  particle  can  expend  all  its  energy  in 
the  gaseous  volume  of  the  counter.  The  range  of  the 
alpha  particle  from  the  B10(w,a)Li7  reaction  is  0.7 
cm,39  and  this  value  was  used  in  spacing  components. 

Methane  flows  in  and  out  of  the  chamber  through 
two  aluminum  tubes  mounted  in  the  top  plate.  The 
flow  pattern  was  quite  effective  since  the  counting 
rate  reached  a  maximum  within  minutes  after  turn- 
ing on  the  methane  flow.  Mounted  on  the  top  plate 
also  was  a  high  voltage  connector  for  connection  to 
the  sealer. 

The  counting  apparatus  used  had  a  plateau  with  a 
slope  of  17%  per  100  volts  at  2400  volts. 

Uranium  source  materials  used  in  neutron  absorp- 
tion measurements  are  made  into  8  gram  pellets,30 
which  are  about  %6  inch  in  height  and  1  inch  in 
diameter,  at  a  pressure  of  10  tons  per  square  inch. 
The  material  used  to  make  the  pellets  was  first  finely 
pulverized  with  a  mortar  and  pestle,  then  carefully 
weighed  out  and  transferred  to  a  die.  If  insufficient 
oxide  was  obtained  from  the  extraction,  additional 
pure  uranium  dioxide  is  added  to  give  an  8-gram 
pellet. 

Standards  are  prepared  by  mixing  8  grams  of 
uranium  dioxide  with  0.5  to  15  mg  of  boron  as  boric 
acid. 

The  optimum  source  to  counter  distance  is  deter- 
mined by  measuring  the  neutron  flux,  Ccd,  transmit- 
ted by  a  sheet  of  cadmium  0.25-mm  thick,  and  the 
unattenuated  flux  Co,  for  which  the  ratio  Cc<i/ 
(  Co  —  Ccd)  is  a  minimum  (about  13  cm). 

The  per  cent  absorption  of  slow  neutrons  by  the 
impurities  in  a  sample  is  given  by 


.    x 


Co-C, 


x  100 


Gd 


rate  of  the  unattenuated  neutron  beam,  C<M  is  the 
counting  rate  of  the  neutron  beam  after  absorption 
by  a  0.25-mm  thick  sheet  of  Cd,  Cu  is  the  counting 
rate  of  the  neutron  beam  after  absorption  by  pure 
uranium  equivalent  to  that  contained  in  the  sample, 
and  Co,  is  the  counting  rate  of  the  neutron  beam  after 
absorption  by  the  sample. 

Chemical  and  Spectographjc  Methods 
Carrier  Distillation  Method 

The  most  satisfactory  method  for  detecting  most 
elements  is  the  spectrochemical  method  employing 
the  carrier  distillation  technique.  The  methods  have 
changed  but  slightly  since  originally  published.40-41 
The  method  is  also  directly  applicable  to  thorium 
oxide.  A  list  of  the  elements  determined  by  this 
method  is  given  in  Table  I. 

Unfortunately,  this  method  does  not  apply  to  the 
rare  earth  elements,  the  refractory  group  elements  of 
zirconium,  hafnium,  niobium  and  tantalum;  and  to 
the  platinum  group  elements.  A  concentration  prior 
to  spectrographic  analysis  is  necessary  with  these 
elements.  The  refractory  group  elements  are  separ- 
ated by  extracting  a  sulfate  solution  of  the  elements 
containing  10%  sulfuric  acid  with  cupferron  and 
chloroform.  Bismuth  is  usually  added  as  a  spectro- 
graphic  matrix  and  carrier  before  extraction.  The 
cupferron-chloroform  solution  is  then  evaporated  and 
cautiously  ignited  to  the  oxide.  The  platinum  group 
is  generally  collected  with  gold  as  a  carrier.42 

Separation  of  Rare  Earths  from  UO3 

The  separation  of  the  rare  earths  from  uranium 
trioxide43  is  carried  out  by  (1)  extraction  of  the 
uranium  from  a  hydrochloric  acid  solution  with 
tributyl  phosphate,  (2)  isolation  of  the  rare  earths 
by  successive  precipitation  with  sodium  hydroxide 
and  ammonium  hydroxide  in  the  presence  of  hy- 
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where  A  is  the  fraction  of  slow  neutrons  absorbed 
by  the  impurities  in  the  sample,  C0  is  the  counting 
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Figure  7.  Detail   of   neutron    counter 
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Table  I.     Elements  Determined  by  Carrier 
Distillation  Method 


Element 


Sensitivity,  ppm 


Element 


Sensitivity,  ppm 


Ag 
Al 

0.05 
5 

Mg 
Mn 

0.5 

1 

As 

5 

Mo 

1 

Au 

0.3 

Na 

150 

B 

0.08 

Ni 

2 

Be 

0.1 

P 

50 

Bi 

0.5 

Pb 

1 

Co 

1 

Sb 

10 

Cr 

3 

Si 

3 

Cu 

0.3 

Sn 

1 

Fe 

1 

Tl 

3 

Ge 

0.2 

V 

5 

In 

0.5 

Zn 
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clrogen  peroxide  and  (3)  ignition  of  the  rare  earth 
hydroxides  to  oxides. 

Dissolve  10  gm  uranium  trioxide  in  50  ml  of  6N 
hydrochloric  acid  and  transfer  the  solution  to  a  250 
ml  separatory  funnel.  Wash  the  beaker  with  25  ml 
of  6N  hydrochloric  acid  and  add  the  washing  to  the 
same  funnel.  Remove  the  uranium  by  repeated  ex- 
tractions with  100  ml  portions  of  tributyl  phosphate. 
(In  general,  three  such  extractions  are  sufficient  to 
remove  the  uranium.)  Remove  residual  tributyl 
phosphate  from  the  aqueous  phase  by  extracting  with 
50  ml  of  equal  parts  "Solvesso"  (kerosene)  and 
diethyl  ether. 

Add  1.0  mg  of  lanthanum  (chloride  solution)  and 
1  ml  of  30%  hydrogen  peroxide  to  the  aqueous  solu- 
tion. Precipitate  the  hydroxides  by  adding  a  freshly 
prepared  strong  sodium  hydroxide  solution  until  the 
solution  is  just  alkaline  and  then  add  a  few  milliliters 
in  excess.  Digest  on  a  steam  bath  for  l/2  hour.  Add 
one-half  of  a  macerated  Whatman  Accelerator  (IX 
y^  inches).  Filter  through  Whatman  No.  42  paper 
with  the  aid  of  a  Fisher  Filtrator.  Wash  precipitate 
and  paper  with  concentrated  ammonium  hydroxide. 

Dissolve  the  precipitate  from  the  filter  paper  with 
50  ml  of  hot  1  : 2  hydrochloric  acid.  Add  1  ml  of  30% 
hydrogen  peroxide  and  reprecipitate  the  hydroxides 
with  ammonium  hydroxide  by  first  neutralizing  and 
then  adding  10%,  by  volume,  in  excess.  The  hy- 
droxides are  filtered  and  washed  as  above  and  then 
ignited  to  the  oxides  in  a  tared  platinum  crucible.  The 
rare  earth  concentrate  is  weighed  and  then  analyzed 
spectrochemically  for  the  individual  rare  earths. 

Separation  of  the  Rare  Earths  from  Thorium  Nitrate 

The  separation  of  the  rare  earths  from  thorium 
nitrate82  is  carried  out  by  ( 1 )  extraction  of  the  bulk 
of  the  thorium  with  dibutoxytetraglycol-diethyl  ether 
mixture;  (2)  extraction  of  the  residual  thorium  and 
other  impurities  such  as  iron  with  8-quinolinol  in 
chloroform;  (3)  precipitation  of  the  rare  earths 
with  ammonium  hydroxide  and  ignition  to  the  oxides. 

Equilibrate  280  ml  of  dibutoxytetraglycol  (penta- 
ether)  and  140  ml  of  diethyl  ether  with  250  ml  of  8M 
nitric  acid  in  a  2  liter  separatory  funnel  and  discard 
the  aqueous  phase. 


Add  50  gm  of  thorium  nitrate  tetrahydrate  and 
7.0  ml  of  concentrated  nitric  acid  to  300  ml  of  the 
pentaether-diethyl  ether  mixture  in  a  500  ml  separa- 
tory funnel  and  shake  until  the  salt  is  dissolved. 
Drain  the  aqueous  phase  into  a  250  ml  separatory 
funnel.  Wash  the  organic  phase  with  15  ml  of  8M 
nitric  acid  and  combine  the  aqueous  phases.  Discard 
the  organic  phase,  extract  the  combined  aqueous 
phase  with  200  ml  of  pentaether-diethyl  ether  mix- 
ture. Drain  the  aqueous  phase  into  a  150  ml  beaker. 
Wash  the  organic  phase  with  10  ml  of  SM  nitric 
acid  and  combine  the  aqueous  phases.  Discard  the 
organic  phase. 

Dilute  the  solution  to  about  100  ml.  Add  10  ml  of 
glacial  acetic  acid  and  adjust  the  pH  to  about  2.0 
with  concentrated  ammonium  hydroxide.  Cool  the 
solution  in  an  ice-bath,  add  3.0  gm  of  8-quinolinol 
and  adjust  the  pH  to  4.2  with  concentrated  am- 
monium hydroxide.  Transfer  the  contents  of  the 
beaker  to  a  250  ml  separatory  funnel.  Extract  with 
five  10  ml  portions  of  8-quinolinol  in  chloroform 
(12  gm/50  ml)  and  wash  with  25  ml  portions  of 
chloroform. 

Transfer  the  solution  to  a  250  ml  beaker.  Add  1.0 
mg  of  lanthanum  carrier  as  a  solution  of  the  nitrate 
and  50  mg  of  titanium  as  a  solution  of  the  sulfate 
to  serve  as  a  spectrographic  internal  standard.  Add 
about  10%,  by  volume,  of  concentrated  ammonium 
hydroxide  and  heat  until  the  precipitate  flocculates. 
Filter  the  hot  solution  through  Whatman  No.  42 
paper  and  ignite  the  precipitate  to  the  oxides  in 
platinum.  The  rare  earth  concentrate  is  weighed  and 
then  analyzed  spectrochemically  for  the  individual 
rare  earths. 

Boron 

The  above  spectrographic  methods  are  dependent 
upon  having  proper  standards  and  this  is  relatively 
simple  except  in  the  case  of  boron  where  some  of 
the  boron  may  be  lost  in  the  chemical  operations. 

In  the  case  of  uranium,  the  standard  uranium 
oxide  samples  are  analyzed  by  the  following  pro- 
cedure which  may  also  be  used  for  other  uranium  and 
thorium  compounds.  Thorium  oxide  samples,  once 
they  have  been  highly  ignited,  are  very  difficult  to 
to  dissolve  and  it  is  generally  preferable  to  analyze 
a  low-fired  (less  than  400°C)  oxide  sample  for 
boron  before  final  ignition. 

Colorimetric  Determination 
of  Microgram  Amounts  of  Boron44 

Quantitative  colorimetric  methods  for  the  deter- 
mination of  boron  in  very  small  amounts  in  solution 
were  first  suggested  by  Robinson45  and  Naftel,46  both 
of  whom  developed  procedures  based  on  Cassal  and 
Gerrans*  method47  in  which  an  alkaline  borate  solu- 
tion is  evaporated  to  dryness,  treated  with  oxalic 
acid,  hydrochloric  acid  and  turmeric,  and  then  dried 
under  controlled  conditions.  The  red  color  formed  in 
the  presence  of  boron  is  then  dissolved  in  alcohol  and 
compared  with  that  of  similar  solutions  containing 
known  amounts  of  boron.  The  procedures  differ  in 
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respect  to  the  kind  of  alkali  used,  method  of  obtain- 
ing intimate  mixture  of  reacting  substances  at  the 
drying  point,  means  of  adding  turmeric,  drying  con- 
ditions, and  facilities  for  comparing  color.  Rodden 
and  Scherrer44  found  Naftel's  procedure  satisfactory 
for  the  routine  analysis  of  test  solutions  containing 
0.1  to  1.5  y  boron  and  applied  the  procedure  to  ura- 
nium compounds. 

The  colorimetric  procedure  is  suitable  for  the 
estimation  of  0.1  to  1.5  y  of  boron  with  a  precision  of 
±  10  per  cent.  However,  the  over-all  accuracy  de- 
pends on  the  completeness  of  the  boron  separation 
and  the  size  aliquot  taken  for  color  development. 
The  maximum  amount  of  sample  taken  for  distilla- 
tion is  limited  by  its  type  and  solubility,  i.e.,  about 
2  gm  of  UaO8. 

Phosphoric  acid  solutions  of  uranium  form  gels 
when  diluted  with  methanol.  In  the  National  Bureau 
of  Standards  (NBS)  distillation  procedure,  this  is 
avoided  by  distilling  methanol  through  the  hot  sam- 
ple solution  and  thus  limiting  the  dilution. 

Separation  of  Boron  by  Distillation  from  Phosphoric 
Acid  (NBS) 

The  distilling  apparatus,  shown  in  Fig.  8,  is  similar 
to  that  described  by  Robinson.45  It  consists  of  two 
50  ml  quartz  Kjeldahl  flasks  (A  and  5),  quartz 
tubing  (4  mm  id),  rubber  stoppers,  a  glass  condenser, 
and  a  boron-free  glass  receiving  flask  (C).  The  alco- 
hol flask,  B,  is  provided  with  a  boiling  tube  and  a 
safety  tube,  all  of  quartz. 

Analytical  reagent  phosphoric  acid,  85%,  contain- 
ing less  than  0.05  y  boron  per  milliliter  is  used  without 
purification.  If  the  boron  content  is  too  high  it  may 
be  lowered  by  repeated  circulation  of  methanol 
vapors,  distilled  from  sodium  hydroxide,  through  the 
phosphoric  acid  which  is  heated  by  a  water  bath. 
The  methyl  phosphate  formed  may  be  hydrolyzed 
by  the  addition  of  water  and  then  the  alcohol  and 
water  may  be  both  removed  by  further  distillation. 

Purified  methanol  is  prepared  by  distilling  reagent 
absolute  methanol  from  potassium  or  sodium  hydrox- 
ide in  a  quartz  apparatus. 

Calcium  hydroxide  suspension  (0.1  A')  is  pre- 
pared from  calcium  hydride  or  from  the  hydroxide 
or  oxide  which  is  prepared  from  distilled  calcium 
containing  0.1  ppm  or  less  boron. 

Sodium  carbonate  containing  0.1  ppm  or  less 
boron  is  prepared  by  dissolving  analytical  reagent, 
boron- free  sodium  in  purified  methanol  in  a  quartz 
dish,  diluting  with  water,  saturating  with  tank  carbon 
dioxide,  drying  and  baking  on  a  hot  plate. 

Procedure  for  U3O8 

Five  milliliters  of  the  lime  suspension  is  placed 
in  the  receiving  flask,  C\  25  ml  of  the  purified 
methanol  and  a  pellet  of  sodium  hydroxide  in  flask 
B;  and  the  sample  and  10  ml  of  phosphoric  acid 
in  flask  A.  After  gently  but  firmly  connecting  all 
flasks  to  the  still,  A  is  heated  with  a  tiny  flame  until 
the  sample  is  in  solution.  The  flame  is  removed, 
and  while  the  solution  is  still  hot,  a  400-ml  beaker 


of  hot  water  is  placed  so  as  to  envelop  flask  B  and 
heated  to  75  to  85°  until  about  three- fourths  of  the 
alcohol  has  distilled  over.  The  flame  is  extinguished 
and  25  ml  of  purified  methanol  is  added  through 
the  safety  tube.  As  soon  as  alcohol  starts  passing 
through  flask  A,  it  is  surrounded  with  a  400-ml 
beaker  of  hot  water  and  heated  to  boiling  until 
no  more  alcohol  distills  or  until  the  quartz  tube 
leading  to  the  condenser  is  cold.  Flask  B  is  heated 
again  as  above.  The  distillation*  is  continued  until 
from  50  to  100  ml  of  alcohol,  depending  on  the  type 
of  sample,  has  been  distilled  from  flask  B.  Water 
bath,  A,  is  filled  each  time  alcohol  starts  passing 
through  the  sample,  and  heated  until  no  more  alcohol 
distills  off.  At  the  end  of  the  distillation,  the  burners 
are  extinguished,  the  flasks  loosened  from  the 
stoppers,  and  the  end  of  the  condenser  tube  washed 
with  water.  The  contents  of  the  receiver  are  acidified 
with  hydrochloric  acid  (usually  2  drops)  and  re- 
served for  the  determination  of  boron,  being  diluted 
to  100  ml,  or  other  convenient  volume  just  before 
use.  A  blank  determination  is  made  on  the  phosphoric 
acid. 

Determination  of  Boron  in  Distillate46 

Porcelain  evaporating  dishes  are  satisfactory  if 
they  are  the  same  size  and  are  well  glazed.  Three 
inch  dishes  are  convenient  for  20-ml  samples. 

Turmeric  extract  is  prepared  by  stirring  1  gm  of 
turmeric  in  100  ml  of  95%  ethanol  for  2  to  3  hours, 
and  filtering.  Boron-free  containers  are  used  and  the 
extract  is  stored  in  the  dark. 
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A  stock  oxalic  acid  solution  (20%)  is  prepared 
by  dissolving  80  gm  of  (COOH)2  •  2H2O  in  350  ml 
of  water,  and  is  stored  in  quartz.  The  oxalic- 
hydrochloric  mixture  is  prepared  just  before  using 
by  warming  the  20%  (wt/vol)  oxalic  acid  solution 
to  60°  C  to  dissolve  all  crystals,  and  then  mixing 
4  vols  of  the  solution  with  1  vol  of  concentrated 
hydrochloric  acid.22 

The  sample  distillate  or  extract,  or  preferably  an 
aliquot  which  contains  about  0.5  to  1.0  y  of  boron, 
and  not  more  than  half  a  drop  of  concentrated  hydro- 
chloric acid,  is  mixed  with  the  lime  suspension  in 
a  porcelain  evaporating  dish ;  there  should  be  a  5  ml 
excess  of  Q.IN  lime.  The  mixture  is  evaporated  to 
complete  dryness  on  a  steam  bath  and  then  cooled 
to  room  temperature.  One  milliliter  of  the  oxalic- 
acid-hydrochloric-acid  solution  is  added  and  the  dish 
is  manipulated  so  as  to  bring  the  acid  reagent  in 
contact  with  all  the  residue.  Then  2  ml  of  the  tur- 
meric extract  is  added  and  the  dish  is  swirled  to  mix 
the  contents  thoroughly.  The  dish  is  floated  in  a 
water  bath,  kept  at  55°C  ±  1°C,  and  allowed  to 
remain  until  30  minutes  after  the  contents  are  dry. 
The  dish  is  cooled  to  room  temperature  and  the 
residue  is  extracted  with  95%  ethanol.  The  mixture 
is  stirred  with  a  rubber  policeman  and  then  quantita- 
tively centrifuged  or  filtered.  The  clear  liquid  is 
diluted  to  volume  (15  to  25  ml)  with  ethanol  and 
mixed.  The  transmittance  of  the  solution  at  540  m/i 
is  measured  spectrophotometrically  against  a  refer- 
ence solution  obtained  by  carrying  a  cacium  hydrox- 
ide blank  through  the  color  development.  The  boron 
content  of  the  test  solution  is  found  from  a  transmit- 
tancy-concentration  curve  prepared  by  direct  color 
development  of  known  amounts  of  boric  acid  (0.5 
to  1.5  y).  Since  this  curve  shifts  from  day  to  day, 
at  least  two  standards  should  be  developed  with 
each  set  of  samples.48  After  correcting  the  amount  of 
boron  in  the  test  solution  for  the  distillation  or 
extracting  blank,  the  boron  content  of  the  sample  is 
calculated. 
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Physico-Chemical  Methods  of  Uranium 
Production  Control 

By  A.  P.  Vinogradov,  USSR 


Thanks  to  known  theoretical  researches  we  have 
been  able  within  a  short  period  of  time,  to  work  out 
a  series  of  physical  and  physico-chemical  methods 
of  quantitative  determination  of  uranium  and  of 
impurities  in  pure  uranium,  particularly  in  the 
optical  and  X-ray  spectra  field,  in  electro-chemistry 
and  in  other  fields. 

Since  there  is  only  a  small  quantity  of  impurities, 
these  methods  possess  adequate  precision,  consider- 
able sensitivity  and  good  reproducibility.  Their  main 
advantage,  as  compared  to  many  chemical  methods, 
is  their  capacity  for  extremely  rapid  analysis. 

There  are  essentially  two  analytical  problems  that 
have  arisen  since  the  beginning  of  uranium  produc- 
tion— control  of  the  technological  process  and  con- 
trol of  uranium  with  respect  to  impurities. 

For  this  purpose  numerous  chemical  methods  of 
analysis  have  been  worked  out,  as  well  as  methods 
based  on  uranium  radioactivity,  on  luminescence,  etc. 
Experiments  in  spectral  and  X-ray  spectrographic 
analysis,  polarography  and  other  physico-chemical 
methods,  carried  out  jointly  with  chemical  methods, 
have  yielded  quite  satisfactory  results.  A  possibility, 
however,  arose  to  utilize  these  physical  and  physico- 
chemical  methods  for  direct  determination  of  ura- 
nium or  its  impurities  without  any  preliminary 
chemical  preparation.  This  was  achieved  and,  thanks 
to  the  rapidity  and  reliability  in  determination,  such 
methods  have  become  an  important  factor  in  the 
control  of  uranium  production.  This  paper  throws 
light  on  the  researches  concerned  with  the  develop- 
ment of  direct  physico-chemical  methods  of  deter- 
mining uranium  and  its  mixtures  on  a  large  scale, 
without  preliminary  chemical  separation  or  concen- 
tration. 

We  shall  deal  only  with  certain  methods  of 
spectral  determination  of  impurities  in  pure  uranium, 
its  oxide,  etc. ;  of  spectral  determination  of  uranium 
itself  in  ores,  particularly  with  making  use  of  iso- 
topes U285  and  U288,  of  X-ray  spectrographic  de- 
termination of  uranium  in  minerals  and  especially 
of  the  determination  by  this  way,  of  rare  earths 
in  uranium,  then  of  polarography  and  oscillographic 
polarography  of  uranium  and  its  impurities. 


Original  language:  Russian. 


QUANTITATIVE  SPECTRAL  DETERMINATION  OF 
IMPURITIES  IN  URANIUM 

To  determine  impurities  in  pure  uranium  or  in  its 
oxide,  particularly  neutron-active  impurities,  namely 
Li,  B,  Be,  Cd  and  others,  the  method  must  possess 
sensitivity  of  at  least  10~5%  and  adequately  good 
precision.  Although  the  spectral  method  at  10~5% 
made  possible  the  quantitative  determination  of  only 
alkaline  elements,  it  suggested  the  possibility  of  using 
this  method  in  the  analysis  of  impurities  in  pure  ura- 
nium as  well. 

Systematic  researches  showed,  however,  that  one 
could  not  expect  success  simply  by  selecting  excita- 
tion methods  by  working  in  the  atmosphere  of  in- 
active gases,  etc.  We  had  to  look  for  new  ways.  The 
difficulty  of  the  task  of  determining  the  impurities 
in  uranium  was  complicated  by  the  fact  that  the 
uranium  spectrum  consists  of  a  large  number  of 
relatively  weak  lines,  situated  on  an  extremely  in- 
tense background. 

It  was  essential  to  find  ways  for  radically  de- 
creasing the  number  of  lines  in  the  uranium  spectrum 
and  for  eliminating  or  weakening  the  continuous 
uranium  spectrum.  It  was  necessary  to  obtain  pure 
electrodes  whose  impurities  would  not  interfere  with 
quantitative  determination. 

The  simplest  solution  of  the  problem  of  determin- 
ing the  impurities  in  uranium  was  the  method  of 
evaporating  the  impurities  ( Mandelshtam,  Turovt- 
seva  and  Semyonov),  which  makes  use  of  the  dif- 
ferences in  volatility  of  uranium  oxide  and  of  its 
impurities. 

It  was  proposed  to  divide  simultaneously  the 
process  of  impurity  evaporation  from  the  process 
of  spectrum  excitation  of  impurities  transmitted  to 
the  electrode. 

Evaporation  led  to  practically  complete  separation 
of  most  of  the  impurities  from  the  bulk  of  the 
uranium.  At  the  same  time  the  process  of  relative 
concentration  on  the  electrode  was  taking  place. 
At  first  we  made  use  of  various  carriers.  Then  it 
became  possible  to  evaporate  the  impurities  without 
any  carriers. 

Determinations  were  carried  out  as  follows :  in  the 
first  instance  pure  uranium  was  ignited  and  con- 
verted to  UaOg,  then  the  oxide  (^  100  mg)  was 
placed  in  a  graphite  crucible.  After  this,  the  crucible 
was  heated  by  passing  a  current  through  it  up  to 
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1800-2000°.  Under  these  conditions,  as  numerous 
investigations  have  shown,  a  considerable  part  of 
the  impurities,  including  the  nonvolatile  Zr,  Ti,  Th 
and  others,  evaporated  within  1  minute  (Fig.  !)• 

The  vapours  of  these  impurities  were  condensed 
either  on  a  graphite  or  on  a  water-cooled  metal 
electrode.  Subsequently,  these  electrodes  were  used 
either  as  arc  anodes,  or  as  spark  electrodes.  The 
absence  of  losses,  i.e.,  the  full  evaporation  of  the 
impurities,  was  checked  by  spectroscopic  methods 
and,  as  shown  later,  also  by  radioactive  indicators. 

Evaporation  could  be  regulated  by  selecting  the 
temperature  of  heating  the  graphite  crucible.  For 
this  purpose  a  special  evaporator  was  constructed. 

Owing  to  the  processes  of  separation  and  spectrum 
excitation,  it  was  easy  to  select  the  most  favourable 
source  of  excitation  and  the  optimum  conditions 
suitable  for  the  nature  of  impurities  determined. 

Owing  to  condensation  of  impurities  on  the  elec- 
trode surface  (for  instance,  graphite)  high  purity 
of  the  electrode  material  was  not  sought.  This  is 
a  very  important  factor,  since  the  production,  for 
instance,  of  graphite  electrodes  free  of  boron 
(<  10~e%)  presented  an  extremely  complicated 
problem.  Although  complete  evaporation  of  the  mix- 
tures was  not  essential  since  the  sample  and  the 
standard  underwent  the  same  operation,  it  was 
checked,  as  already  mentioned,  by  radioactive  in- 
dicators. 

Various  radioactive  elements,  one  isotope  or  sev- 
eral radioisotopes,  were  introduced  into  pure  oxide 
UsO8  (specially  purified  to  be  used  with  etalons). 
Their  quantity  was  determined  in  the  usual  way,  by 
•y-  or  /^-counting.  After  evaporation,  y-  or  ^-activity 


oCd 


0.5 


1. 5      2      2. 5      3  t  min. 


Figure  1.  Dependence  of  complete  evaporation  of  elements  on 
time  at  a  temperature  of  1800°C 

was  determined  in  the  UgOs  which  was  left  in  the 
graphite  crucible  as  well  as  on  the  electrodes.  We 
noted  the  diffusion  of  the  radioisotope  into  the 
graphite  crucible  wall.  This  activity  was  likewise 
measured  and  a  corresponding  correction  was  made 
in  counting.  The  results  of  the  radiometric  and 
spectral  determination  coincided  well. 

Table  I  gives  some  data  on  the  complete  evapora- 
tion obtained  by  the  radioactive  method  (Beliaev). 

This  and  other  data  show  that  at  t°  =  1800°- 
2000°,  a  considerable  quantity  of  impurities  evapo- 
rate, 81-98%. 

For  the  construction  of  a  working  curve  we  used 
etalons. 

The  spectra  of  the  sample  and  etalons  were  ob- 
tained on  an  ISP-22  spectrograph.  Concentration 
of  impurities  was  determined  using  a  working  curve 
of  5  versus  log  C  (see  Fig.  2).  From  the  internal 


Table  I.     Complete  Evaporation  (in  %)  of  Impurities  in  U3O8/  at  760  mm 
in  the  Air.  Time  of  Sublimation  —  2  minutes;  Weighed  Sample  —  30   mg 


t°c 


Elements  and 
indicators 


1000 


1200 


1400 


1600 


1800 


2000 


Cd»*t      92 

94 

96 

98 

98 

91* 

Sb112       90 

96 

98 

98 

97 

96* 

Bi210        89 

91 

93 

94 

96 

94* 

Pb209       79 

82 

90 

92 

94 

95 

Sn121       52 

70 

72 

82 

85 

91 

Mn56       48 

52 

64 

78 

82 

86 

Cu"       41 

56 

72 

81 

83 

85 

^Tp59           ^ 

9 

25 

62 

72 

84 

Co60        8 

12 

31 

65 

78 

87 

K42        20 

43 

61 

72 

87 

88 

Na24       15 

38 

63 

74 

87 

89 

*  Decrease  of  complete  condensation  of  Cd,      oration  from  the  condensing  capsule,  as  a  result 
Sb,  Bi  at  2000° C  is  caused  by  the  reverse  evap-      of  a  strong  heating  of  the  latter, 
t  The  isotope  which  was  used  in  research. 
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.     Comparison  of  the 
Methods 

Sensitivity  of  the 

y'^                                                                 ^^^                        ** 

S                                    .s^                  +*&    \^*                         Elements 

Method  of  evaporation 

Scribner  and  Mullin's 
method  (%) 

S*           ^^^^^             B 

5  X  10-6 

8  X  10~6 

0.500 

"      *   ^<^^                                   Mn 

1  X  10~5 

1  X  10-* 

Fig 

Co 

5  X  10-3 
1  X  lOr* 
2  X  1(T6 

1  X  10~^ 
2  X  10-4 
5  X  10"6 

Ni 
ure  2.  Working  curve  for  the  determination  of  B,  Cu,  Fe, 

Ni  and  Cd  in  uranium                                                             T  . 
Li 

standard  and  using  AS  —  log  C,  the  sensitivity  of                Cr 
the  method  was  10-4-10-5%,  Tn  many  rqsns  i>  rnnH        _      ,    .„ 

2  X  10-5 

3  X  10~4 

be  increased  by  selecting  optimum  conditions  for 
any  specific  impurities. 

Table  II  contains  data  on  the  sensitivity  of  the 
method  (in  weight  %)  as  compared  to  the  sensitivity 
of  Scribner  and  Mullin's  method.1  As  is  known,  it 
is  based  on  the  excitation  of  directly  evaporating 
impurities,  without  preliminary  condensation. 

As  the  table  shows,  the  method  of  evaporation 
has  a  considerably  higher  sensitivity  for  all  elements 
than  Scribner  and  Mullin's  method. 

The  reproducibility  of  the  method  was  checked  by 
repeated  analyses  of  impurities  in  the  same  sample. 
As  an  example  Table  111  gives  data  which  show 
the  reproducibility  of  boron  determination  in  ura- 
nium obtained  by  normal  manufacture.  The  average 
arithmetical  error  in  the  determination  of  boron  and 
other  impurities  (without  internal  standard)  is  be- 
tween 10%  and  15%. 

The  time  required  for  determination  of  impurities 
is  about  2  hours. 

The  method  of  evaporation,  possessing  a  number 
of  advantages  over  other  usual  spectral  methods,  is 
certainly  applicable  to  many  other  substances. 

SPECTRAL  DETERMINATION  OF  SMALL  AMOUNTS 

OF  URANIUM  IN  ROCKS,  ORES  AND  INTERMEDIATE 

PRODUCTS 

Spectral  quantitative  determination  of  small  ura- 
nium amounts  in  rocks,  ores  and  other  materials 
is  a  difficult  task.  This,  in  particular,  explains  the 
almost  complete  lack  of  such  investigations  and 
practical  results.2* 3-4 

In  the  Soviet  Union  this  work  was  started  by 
V.  K.  Prokofiev,  but  the  methods  he  proposed 
required  preliminary  chemical  treatment  of  the 
sample.  The  task  of  carrying  out  spectral  determina- 
tion of  uranium  in  rocks,  etc.,  up  to  at  least  0.005%, 
without  preliminary  chemical  separation  and  con- 
centration was  not  abandoned,  however. 

The  investigations,  described  briefly  below 
(Ivanov),  showed  that  the  best  line  of  all  those 
studied  (4241.7 A;  4090 A  and  others)  is  the  ura- 
nium line  at  4361. 69  A  as  compared  with  the  lines 
at  4090  A,  4244  A  and  4241  A,  which  were  used  by 
other  workers.  The  main  advantage  of  this  line  is 


Table  III.     Results  of   Boron   Determination 
in  Uranium  from  Different  Batches 

Concentration  of  boron  in  weight  %  X  10n 


No.  of  batches 

120 

207 

161 

262 

4.8 

2.1 

2.4 

3.1 

6 

3.0 

2.2 

3.1 

5 

2.8 

3.0 

3.4 

5.5 

2.7 

2.4 

2.4 

4.7 

2.2 

5.5 

2.6 

4,0 

2.3 

6.5 

2.6 

2.5 

Average  5.2 

2.5 

2.5 

3.0 

the  absence  of  interference  from  atomic  lines  of 
other  elements.  The  nearest  line  is  Zr  4341. 39  A.  In 
the  case  of  the  1300  cm,  autocollimating,  three-prism 
glass  spectrograph  (ISP-51A)  ;  this  line  does  not 
interfere  with  the  determination  of  uranium  which 
was  carried  out  using  the  method  of  three  etalons 
and  absolute  intensities. 

In  this  analysis  we  used  carbon  electrodes  into 
whose  cavity  (10mm)  we  placed  a  sample  which 
burnt  out  completely  in  the  arc  within  7  minutes. 
An  example  of  the  measurement  is  given  in  Table 
IV.  For  photographing  the  spectra  10,000  XD  film 
was  used ;  the  spectra  were  measured  with  a  micro- 
photometer. 

We  studied  in  detail  the  influence  of  the  associated 
chemical  elements  Al,  Si,  Fe,  Ti,  Mn,  Pb,  Cu  and 
others.  For  rocks  of  similar  composition  the  method 
made  it  possible  to  determine  the  contents  of  ura- 
nium up  to  0.001%,  In  practice,  the  method  was 
used  to  determine  uranium  up  to  0.005%.  The 
average  value  of  the  reproducibility  of  the  determina- 
tion was  of  the  order  ±  4-5%. 

Table  V  snows  the  results  obtained  using  this 
method  for  the  analysis  of  U  in  rocks  and  compares 
these  results  with  those  obtained  by  chemical  de- 
terminations on  the  same  samples. 
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However,  a  more  universal  method  of  spectral 
analysis  of  uranium  in  various  products  proved  to 
be  by  the  method  of  adding  to  the  sample,  light  iso- 
topes of  uranium,  as  internal  standards. 

METHOD  OF  ADDED  ISOTOPES  IN  THE  SPECTRAL 

DETERMINATION  OF  URANIUM  IN  ORES  AND 

PRODUCTS 

It  is  well  known  that  the  spectral  line  intensity 
of  the  elements  constituting  a  sample  to  be  analysed 
depends  to  a  considerable  extent  on  the  total  chemical 
composition  and  of  the  presence  in  it  of  additional 
components.  This  limits  the  universal  applicability 
of  spcctroscopic  methods  of  analysis  and  makes  them 
unsuitable  for  direct  utilization  in  the  analysis  of 
substances  with  varying  chemical  composition,  even 
in  the  absence  of  those  elements  whose  lines  overlap 
those  of  the  element  that  is  being  determined.  For 
this  reason  the  solution  of  problems  of  spectro- 
chcmical  analysis  requires  a  special  experimental 
study  of  the  influence  of  additional  components  in 
the  sample  on  the  results  of  the  quantitative  analysis. 
For  obvious  reasons  it  is  absolutely  necessary  to 
account  for  this  when  working  with  samples  of 
complex  composition,  for  example,  ores  and  rocks. 

One  of  the  most  radical  methods  of  minimizing 
the  influence  of  additional  components  on  the  results 
of  spectrochemical  analysis  and  of  increasing  its 
precision  and  universality  is  the  utilization  of  the 
isotopes  of  the  element  under  analysis  as  an  internal 
standard.  The  great  similarity  between  the  chemical 
and  physical  properties  of  the  isotopes  of  the  ele- 
ment under  analysis  permits  one  to  predict  that  the 
isotope  introduced  into  the  sample  will  in  all  cases 
follow  the  principal  isotope  of  the  element  under 
analysis.  Under  these  conditions,  the  relative  inten- 
sity of  the  lines  of  the  two  isotopic  components  will 
depend  only  to  a  minimum  degree  on  the  changes 

Table  IV.     Reproducibility  of  the  Intensity  Measure- 
ment of  Line  4241.7  A  of  Uranium 

Line  4241.7  A 


Uranium 

content,  %       1st  spectrum   2nd  spectrum  3rd  spectrum          Average 


0.02 
Stand. 

0.01 
Stand. 

0.0075 
Determ. 

0.005 
Stand. 

0.001 
Stand. 


23.0  22.0  23.0          22.8  +  0.1 


16.4 


15.6 


11.9 


15.6 


13.8 


14.5 


12.5 


19.0 


16.8 


15.2 


11.6 


17.0  +  1.3 

(8%) 

15.4  +  1.0 
(7%) 

13.8  +  1.3 

(9%) 

12.0  +  0.3 

(3%) 


in  the  evaporation  conditions  during  excitation  of 
the  atoms  of  the  elements  in  the  source,  and  will  be 
determined  mainly  by  the  relative  concentration  of 
the  isotopes  in  the  sample. 

The  use  of  this  method  eliminates  the  necessity 
for  the  three  etalon  method  and  that,  together  with 
the  increase  of  the  precision  in  determination,  makes 
it  considerably  more  rapid. 

It  is  known  many  lines  in  uranium  show  consider- 
able isotopic  shifts.  These  isotopic  shifts  were  used 
for  the  quantitative  spectral  determination  of  ura- 
nium in  various  substances  by  introducing  either 
the  isotope  U235  or  isotope  U233,  or  both  of  them 
together,  into  the  sample. 

We  systematically  studied  the  spectra  of  U235  and 
U233,  chiefly  in  the  region  between  3900-4600  A 
which  is  the  richest  in  strong  uranium  lines;  for 
this  purpose  we  found  the  spectrograph  ISP-51 
(with  camera  /  =  8S)  suitable  since  it  resolved  the 

Table  V.     Comparison  of  Spectral  and  Chemical 
Determination  of  U 


Uranium  found,  % 


Sample 


Chemical 
determination 


Spectral 
determination 


Difference, 


K-O 

0.0075 

0.0078 

4 

V-82 

0.0093 

0.0078 

16 

S-l 

0.0075 

0.0070 

7 

V-39 

0.0071 

0.0067 

6 

B-116 

0.0080 

0.0079 

1 

isotopic  structure  of  these  lines.  The  results  of  such 
investigations  made  the  practical  utilization  of  the 
method  possible  for  production  control. 

We  found  many  lines  of  uranium  with  isotopic 
shifts  of  from  0.08  to  0.36  A.  The  most  useful  line 
found  for  analytical  purposes  was  at  4244  A  (shift 
=  0.23  A).  (See  Fig.  3  and  4.)  One  of  the  known 
disadvantages  is  the  overlapping  of  a  tungsten  line. 
In  practice,  however,  tungsten  is  not  encountered 
in  quantities  that  may  alter  the  relative  intensity 
of  the  lines.  The  close  similarity  of  the  physical  and 
chemical  properties  of  U238,  U235  and  U233  made 
it  possible  to  predict  that  their  conduct  in  the 
process  of  evaporation  and  excitation  would  be 
similar.  The  study  of  the  evaporation  curves  (in  an 
arc)  of  U235  and  U233  from  samples  having  different 
composition  showed  their  similarity.  It  was  further 
demonstrated  that  the  relative  intensity  of  the 
isotopic  lines  depended  on  the  electrode  size,  the 
amount  of  the  weighed  sample,  the  change  of  cur- 
rent strength,  etc.  (see  Table  VI). 

All  this  presents  very  great  advantages  over  other 
known  methods  of  the  spectral  determination  of 
uranium.  It  was  found  to  be  sufficient  to  determine 
uranium  in  only  one  sample  into  which  we  intro- 
duced the  isotopes.  The  precision  of  the  determina- 
tion was  3-4%,  i.e.,  in  this  respect  it  rivalled  chemi- 
cal analysis.  Precision  could  have  been  increased  still 
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-i~  Pa 


,235 


"/,' 

Figure  3.  The  isotopic  shift  of  the   uranium  line  4244.4A   (Isotopes  U288,  U285,  and  U288) 


more  by  simultaneously  introducing  two  isotopes 
into  the  sample,  U235  and  U283. 

The  determinations  were  carried  out  on  a  number 
of  samples  having  uranium  contents  ranging  from 
1%  to  0.005%  U. 

A  specific  quantity  of  the  light  isotope  of  uranium 
was  introduced  into  the  sample  and  after  thorough 
mixing  the  sample  was  arced. 

Determination  of  the  relative  intensities  of  the 
isotopic  components  of  the  uranium  line  was  carried 
out  as  follows.  The  spectrum  was  photographed 
using  a  nine-step  platinum  sector.  For  each  isotope 
a  separate  density  curve  was  constructed.  These 
curves  were  used  to  find  the  relative  intensity. 
Table  VII  shows  the  reproducibility  of  data.  It 
should  be  noted  that  the  structure  of  the  lines  of 
the  isotopes  U235  and  U233  is  hyperfine.  However, 
the  hyperfine  structure  of  the  4241  line  is  not  ob- 
served at  the  arc  voltage  used  or  by  the  priMii 
spectrograph,  in  other  words,  we  dealt  essentially 
with  a  single  line.  Later  on,  it  is  proposed  to  prove 
the  absence  of  any  noticeable  influence  of  the  hyper- 
fine structure  on  the  relative  intensity  of  the  com- 
ponents (we  have  analytical  purposes  in  mind). 

The  concentrations  of  U  were  calculated  according 
to  the  following  formula 


/238  _ 


_C235  _  £288' 


'"  7235  7238 

where  7235  and  7238  corresponded  to  the  intensity 
of  the  isotopic  components,  //r35  is  the  background 
measured  on  the  side  of  the  light  component  at  a 
distance  of  AA  =  A23*-*235,  while  /*238  is  the  back- 


ground measured  on  the  side  of  the  normal  U238  com- 
ponent at  a  distance  of  AA.  C238  is  the  content  of 
U238  introduced  into  the  sample  along  with  the  light 
isotope.  It  should  be  noted,  however,  that  measure- 
ment of  the  background  is  not  very  exact  (although 
sufficiently  to  carry  out  determinations  with  preci- 
sion up  to  3-4%). 

When  necessary  this  can  be  avoided  completely 
by  simultaneously  introducing  as  internal  standard, 
the  isotopes  U235  and  U2n:$.  In  this  case  measurement 
of  the  background  is  not  required.  In  practice,  the 
background  can  be  eliminated  in  a  number  of  cases 
by  photographing  the  spectrum  with  different  ex- 
posures. 

Table  VIII  gives  some  idea  of  the  precision  of 
determination  using  this  method.  Compared  with 
chemical  determination,  numerous  analyses  showed 
that  every  10  mg  of  sample  required  ~  1  X  10~6  gm 
of  U235  and  U233,  i.e.,  for  250  analyses  of  uranium 
there  must  be  ^  1  mg  of  the  light  isotope. 

Table  VI.     Influence  of  the  Electrode  Size  and  the 

Amount  of  the  Weighed  Sample  on  the 

Determination  of  U 


Catbon  eltctrodes 

Weighed  sample,            Found 
mg                     U»>,  % 

0 

Depth,  mm 

3 

6 

40                     0.035 

3 

2 

13                   0.036 

2 

7 

10                   0.038 
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X-RAY  SPECTOGRAPHIC  METHOD  FOR  THE 

DETERMINATION  OF  URANIUM 

AND  ITS  ADMIXTURES 

The  X-ray  spectrographic  method  of  obtaining 
pure  uranium  has  made  possible  the  solution  of  the 
problem  of  determining  a  number  of  neutron-active 
rare-earth  elements  (Gd,  Eu,  etc.)  in  uranium  which 
contained  2r.P.  ~  10~5%.  On  the  other  hand,  it  has 
also  proved  useful  in  determining  uranium  in  ura- 
niferous  uranium-thorium  and  other  minerals.  As  is 
known,  a  peculiar  feature  of  this  method  is  the 
relatively  small  influence  which  differences  in  the 
bulk  sample  composition  and  the  presence  of  addi- 
tional components  have  on  the  results  of  the  analysis. 
In  this  paper  1  am  not  able  to  dwell  on  this  at 
length.  I  will  say,  however,  that  this  method  has 
been  well  developed  in  the  Soviet  Union  and  is 
being  successfully  utilized  in  determining  many  ele- 
ments, among  them  Nb,  Ta,  Zr,  Hf  and  others.  This 
method  has  also  enabled  the  solution  of  a  number 
of  theoretical  problems  connected  with  the  study  of 
the  energy  structure  of  chemical  compounds  and 
solids.  These  researches  are  based  on  the  study  of 
the  fine  structure  of  X-ray  spectra  (Vainshtein  and 
others)/1 

Bearing  in  mind  analytical  purposes,  I  would  like 
to  dwell  on  the  construction  of  a  number  of  new 
models  of  X-ray  spectrographs  and  say  that  in  the 
Soviet  Union  special  attention  is  paid  to  the  con- 
struction of  focussing  spectrographs  with  curved 
crystals  of  large  sizes  —  40  to  50  mm,  for  the 
vacuum  and  non-vacuum  regions  of  the  spectrum, 
with  photographic  and  photoelectric  recording  of 


Table  VII.     Reproducibility   of    U    Data 


Deviation  from  average 


0.294 
0.291 

0.00  1 
0.002 

0.293 

*    0.306 

*        0.000 
*           0.013 

0.286 
0.330 

V**            0.007 
'       ^-          0.037 

0.280 
0.271 

0.013 
0.022 

0.283 


0.010 


Average  0.293  ±0.011  (3%) 


spectra.  As  is  known,  the  quantitative  determination 
of  the  contents  of  individual  rare-earth  elements  in 
mixtures  of  same  by  methods  of  optical  spectral 
analysis  is  encountering  a  number  of  difficulties  and 
cannot  be  carried  out  with  adequate  precision  for 
all  elements.  By  contrast  the  same  problem  is  relati- 
vely easily  solved  by  the  X-ray  spectral  method.  As 
proved  by  experiments,  all  these  elements,  in  any 
combination,  can  be  determined  quantitatively  with 
an  accuracy  of  4-6%,  provided  their  concentrations 
in  the  mixture  are  greater  when  0.1%. 

Unfortunately,  in  determining  admixtures  of  the 
elements  it  is  often  necessary  to  concentrate,  or, 
better  to  isolate  the  rare-earth  elements  from  the 
metal.  This,  for  instance,  is  necessary  in  the  case 
of  uranium.  As  a  result  of  the  application  of  various 


Figure  4.  Isotoplc  components  of  the  analytic  uranium  line  4244.4  A  in  the  spectrum  of  an  ore  sample 
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methods  of  separating  total  rare  earths  from  uranium 
(based  on  the  different  reactions  between  the  rare 
earths  and  U  with  HF,  sulphates  or  bicarbonates, 
etc.),  such  methods  have  been  developed.  Ce  was 
used  as  a  carrier.  The  method  was  checked  using 
radioactive  indicators.  Such  a  combination  of 
chemical  and  X-ray  spectral  methods  enabled  us 
to  determine  total  rare  earths  up  to  10~7  gm.  The 
quantitative  X-ray-spectral  determination  of  the  rare- 
earth  elements  was  carried  out  using  the  L-series 
of  lines  (usually  using  the  most  intensive  La\,  and 
Lpi  lines)  with  the  help  of  a  vacuum  focussing 
X-ray  spectrograph  with  a  radius  of  curvature  ~  500 
mm  and  a  quartz  crystal  with  reflecting  plane  sur- 
faces (lOTO).  If  during  the  course  of  analysis  it  was 
essential  to  determine  the  intensity  ratio  of  the  lines, 
we  used  both  the  Hevesy  method  and  methods  based 
on  the  use  of  the  shape  of  the  X-ray  spectral  lines. 
The  major  quantity  of  rare-earth  elements  isolated 
from  uranium  by  the  carrier  cerium  oxide  were 
analysed  to  determine  the  content  of  one  of  the 
oxides,  usually  Nd.  Since  in  the  process  of  isolating 
these  elements  their  relative  concentrations  did  not 
change,  the  ratio  of  NdL>O3  to  the  sum  of  the  oxides 
of  the  other  rare-earth  elements  isolated  from  ura- 
nium, was  known.  Knowing  this  ratio  and  the  ex- 
perimentally estimated  amount  of  Nd2Os  in  the 
oxides  isolated  from  uranium,  it  was  possible,  to 
determine  the  contents  of  all  other  rare-earth  ele- 
ments and  the  total.  This  method  was  widely  used 
to  determine  the  rare-earth  and  other  elements. 

POLAROGRAPHIC   DETERMINATION  OF   URANIUM 

The  method  of  polarographic  determination  was 
widely  used  in  the  quantitative  determination  of 
uranium,  present  in  small  quantities  in  various 
substances. 

The  correct  selection  of  conditions  for  the  polaro- 
graphic determination  of  uranium  required  the 
knowledge  of  the  mechanism  of  reduction  (or  oxida- 
tion) of  uranium  on  the  dropping  mercury  electrode 
and  solid  electrodes.  As  is  known,  a  number  of 
researches  dealing  with  this  have  been  published.6 


U 


VI 


Table  VIIL     Comparison  of  the  Results  of  the 

Determination  of  Uranium  by  Chemical 

and  Spectral  Methods 


Uranium  found  (%) 


Chemical  determi- 
nation 


Spectral  determi- 
nation (methoa  of 
adding  isotopes) 


Difference  (%) 


0.037 
0.29 

0.036 
0.31 

3.0 
7.0 

0.100 
0.040 

0.092 
0.039 

10.0 
2.5 

0.18 
0.024 

0.18 
0.025 

4.0 

0.100 
0.30 

0.098 
0.31 

2.0 
3.0 

0.40 
0.50 

0.39 
0.51 

2.5 
2.0 

0.60 
0.29 

0.58 
0.29 

3.0 
0.0 

0.29 
0.32 

0.28 
0.31 

3.0 
3.0 

0.36 
0.50 

0.35 
0.56 

3.0 
11.0 

0.50 
0.64 

0.54 
0.60 

8.0 
6.0 

3.28 
4.53 

3.24 
4.63 

1.3 
2.2 

2.11 
3.53 

2.16 
3.43 

2.3 
3.0 

5.08 
5.15 

5.12 
5.06 

0.8 
1.7 

Figure  5.  Three  waves  of  uranium  in  solution  of  HaSOi 
1  X  10-'M  +  thymol  2  X  10-*%  (at  different  sensifivitiet) 


There  are  still  contradictory  opinions  of  the  reduc- 
tion mechanism  of  uranium.  We  shall  dwell  on  this 
question  only  to  speak  of  the  researches  that  have 
been  carried  out  in  the  Soviet  Union. 

In  acid  medium  UO22+  produces  one,  two  or  three 
waves,  depending  on  the  value  of  the  pH  of  the 
solution  and  the  nature  of  the  acid  (see  Fig.  5). 
In  moderately  acid  solutions  (pH  =  ~  1-2)  the 
uranyl  ion  produces  two  waves;  E%  of  the  first 
wave  is  =  ~  —  0.20  v  (vs  S.C.E.)  and  KI/(  of  the 
second  wave  is  =  ~  —0.90  v,  the  latter  wave  under 
these  conditions  being  twice  the  height  of  the  first. 

Plotting  for  the  first  wave,  log  (i/id)  —  i  against 
E  gives  a  straight  line  with  a  slope  of  0.060  v.  Sub- 
sequent determination  of  the  ionising  currents  of 
UO22+  and  Pb2+  of  similar  molarity  from  the  same 
solution  showed  that  id  Pb2+/id'  UO22+  =  ~  2.2, 
and  id  Pb*+/id"  UO22+  =  ~  1.1. 

Microcoulometric  determination  of  the  number  of 
electrons  (n)  showed  that  there  are  three  electrons 
taking  part  in  the  reduction  process  of  uranyl  ion. 
Many  other  observations  of  the  changes  in  the  height 
of  the  first  wave,  its  shift,  depending  on  the  changes 
in  the  electrolyte,  etc.  (in  agreement  with  many 
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authors7),  show  that  the  first  reduction  stage  of 
UO22*  proceeds  reversibly  and  corresponds  to  one 
electron  reduction  to  the  +  5  state  and  the  reaction  is 


The  condition  of  ions  in  the  subsequent  reduction 
stages  of  UO2+  remains  debatable.  It  seems  that 
this  is  connected  with  the  inadequacy  of  knowledge 
on  the  nature  of  hydrolysis,  particularly  of  the  ions 
U4+  and  U3+,  although  it  is  well  known  that  U4+ 
and  U3+  hydrolyze  easily  even  in  acid  solutions. 
For  this  reason  some  investigators  believe  that  the 
reduction  process  of  UO2+  in  neutral  and  weak  acid 
solutions  proceeds  with  the  formation  of  a  solid 
film  of  UO2  at  the  electrode  surface  which  dissolves 
with  the  increasing  acidity.  Others  believe  that  in 
sufficiently  acid  solution  4H+  participates  in  the 
recovery  of  UO2+  and  that  the  process  is  attended 
by  the  formation  of  U4+  and  then  of  U3  h,  and  that 
in  weak  acid  solutions  the  UOL.^  reduces  to  form 
bivalent  ions  of  the  type  of  U(OH)22+  or  UO2+ 
is  more  probable  (Frumkin  and  Zhdanov). 

In  our  experiments,  the  wave,  corresponding  to 
the  stage  U4+  +  03=*  U8"1",  was  reversible  under 
certain  conditions  and  this  is  accepted  by  many  other 
scientists.  In  very  strongly  acid  media  the  reduction 
stage  UO22+  -»  UO2+  disappears  since  the  UO2+ 
that  forms  is  instable  and  immediately  dispropor- 
tionates  and  for  this  reason  the  first  wave  corresponds 
to  two  electron  reduction,  i.e.,  the  process  goes  from 
UO22+  to  U4+. 

The  nature  of  the  process  of  UO2+  +  r-»U4+ 
reduction  is  in  close  connection  with  the  process 
of  the  UO2"f"  disproportionation  and  the  rate,  etc., 
which  are  different  in  different  media.  As  to  the 
oxidation  of  U4  +  ,  as  far  as  is  known  no  anode  wave 
for  U4"1"  has  been  obtained  using  the  dropping 
mercury  electrode.  However  an  anodic  wave  U(IV) 
oxidation  to  U(VI)  with  E^  =  1.046  v  (hydrogen 


electrode)    was  obtained   with  a   rotating  platinum 
electrode.  The  mechanism  of  the  anodic  oxidation 
of  U4+   is  very  complicated  because  the  oxidation 
reaction  of  U4+  by  oxygen  isolated  electrochemically 
on  Pt  (Vesselovsky  and  Rosenthal)   is  superposed 
on  the  electro-chemical  oxidation  reaction  of  U4"1". 
in    practical    polarography,    in    particular   in   the 
process  of  quantitative  uranium  determination,  we 
generally  made  use  of  the  first  wave.  The  potential 
of  the  half-wave  of  the  first  sfage  UO22+  +  e  — > 
UO2+   depends  only   slightly  on   pH   and  only  in 
strong  acid  solution   is  somewhat  shifted   towards 
more  negative  values  because  of  the  formation  of 
complex  ions.  The  first  wave  increases  with  increas- 
ing acidity  and  reaches  double  height  in  1-2  M  acid 
solutions,  which  is  profitable  for  the  sensitivity  in- 
crease. However,  the  polarographic  determination  of 
uranium  in  acid  media  indicates  the  absence  of  a 
number  of  elements   which   interfere   with   the  de- 
termination   of    uranium.    The    main    difficulty    in 
practical  polarography  is  the  influence  of  a  number 
of  elements   on   the   diffusion   current   of   uranium 
and  the  necessity  to  find  means  of  eliminating  them. 
Below   we  give  examples  of  the  direct  polaro- 
graphic   determinations    of     uranium    in    various 
products  in  the  presence  of  various  elements  after 
dissolving  them  without  any  chemical  separation  or 
concentration.   As   to   the   methods   of   quantitative 
polarographic  determination  of  uranium  with  a  pre- 
liminary chemical  preparation,  i.e.,  with  the  isola- 
tion of  interfering  elements,  they  are  in  great  variety 
and  many  of  them  have  been  successfully  used  in 
practical  wTork.  They  demand  considerable  time,  how- 
ever.  Uranium  loss  is  also  possible  in  the  process 
of  separation  of  uranium  from  other  elements.  In 
the  direct  determination  of  uranium  in  samples,  the 
influence  of  the  interfering  elements  was  eliminated 
by  selecting  suitable  electrolyte  and  by  the  use  of 
complexing  either  for  interfering  the  elements  for 


Figure  6.  Influence  of  vanadium  on  diffusion  current  of  UO/4  in 
lactic  acid:  (1,3)  diffusion  current  of  uranium  in  the  presence  of 
vanadium;  (2-4)  diffusion  current  of  uranium  without  vanadium 


., •'.'•'. 

to  Hg) 

Figure  7.  A  typical  oscillogram  (Pb*4  in  0.024N  HCI  solution): 
(A,B)  condense  current;  (C,D,E)  diffusion  current  Pbs* 
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the  uranium  (Sinyakova)-  There  are  numerous 
researches,  but  we  shall  deal  only  with  the  determi- 
nation of  uranium  in  the  presence  of  Fe,  Ti,  Cu,  V, 
Mo  and  others  without  chemical  preparation  of  the 
sample. 

For  the  Fe8"1*  reduction  we  used  ascorbic  acid  and 
hydrazine  sulphate.  The  latter  has  the  advantage  of 
precipitating  Cu2+  simultaneously  with  the  reduc- 
tion of  Fe3+  and  forms  on  boiling  with  copper  ions 
the  compound  Cu(SO4)  (N2H5)2SO4.  In  solutions 
of  hydrazine  sulphate.  UC>22+  gives  a  well-expressed 
wave  with  E^  =  —  0.20  v  (vs.  S.C.E.)  for  which 
linear  dependence  between  diffusion  current  and  the 
uranium  concentration  in  solution  is  maintained.  V, 
Mo  and  Ti  interfere  with  the  determination  of  ura- 
nium in  hydrazine  sulphate.  Vanadium  offers  the 
greatest  difficulties  in  the  determination  of  uranium 
by  any  method.  However,  lactic  acid,  used  as  the 
electrolyte  in  the  polarography  of  uranium  makes 
it  possible  to  determine  small  amounts  of  uranium 
in  the  presence  of  a  large  excess  of  vanadium.  In 
addition,  vanadium  exerts  a  positive  influence  since 
it  increases  the  sensitivity  of  the  polarographic  de- 
termination of  uranium  almost  five  times  (see 
Fig.  6). 

In  a  lactic  acid  medium  the  linear  dependence 
between  diffusion  current  and  uranium  concentra- 
tion in  solution  is  maintained  and  thus  permits  the 
use  of  this  electrolyte  in  the  quantitative  determina- 
tion of  uranium.  In  lactic  acid,  the  modybdenum 
wave  is  shifted  towards  more  negative  values  as  a 
result  of  complex  formation  and  therefore,  it  does 
not  interfere  in  the  determination  of  uranium. 

In  order  to  eliminate  the  influence  of  Ti,  chromo- 
tropic  acid  is  added  to  lactic  acid  which  binds  Ti 
in  a  complex  and  Ti  does  not  interfere  in  the  ura- 
nium determination. 

Fe34"  and  Cu24"  interfere  in  uranium  determinations 
in  lactic  acid  media.  For  this  reason  in  determining 

Table  IX.     Results  of  Ore  Analysis 


No.  of 
txperiwnt 


I'raniumfound,  % 


In  a  background  oj 

hydrazine  sulphate-lactic 

acid  after  dissolution 


In  a  batksround  of 

hydrazine  sulphate  after 

ether  extraction 


4 
5 

6 

Average 


0.053 
0.059 
0.055 
0.053 
0.054 
0.054 
0.055 


0.055 

0.054 

0.053 

0.055 
0.054 


uranium  we  made  use  of  a  combined  electrolyte: 
lactic  acid  +  hydrazine  sulphate  in  which  uranium 
can  be  determined  immediately  after  the  sample 
is  solved  (see  Table  IX), 


At  the  same  time,  polarographic  determination  of 
uranium  was  very  often  combined  with  some  chemical 
preparation,  but  will  not  be  discussed  here. 

OSCILLOGRAPHIC   POLAROGRAPHY  OF   URANIUM 

This  method  has  a  number  of  variants  and  has 
been  worked  out  in  the  past  few  years.  Its  main 
advantage  over  the  normal  polarographic  method  is 
that  it  is  more  sensitive  by  an  order  of  1.5,  i.e., 
it  is  possible,  for  instance,  to  determine  uranium  in 
concentrations  ~  10~G%  with  a  precision  of  ±  5%. 

In  principle,  the  method  works  as  follows:  the 
plates  that  deflect  the  ray  of  the  oscillograph  cathode- 
ray  tube  in  a  horizontal  direction  arc  supplied  with 
saw-tooth  wave  voltage,  proportional  to  the  voltage 
passed  on  to  the  polarographic  cell.  The  plates  that 
deflect  the  rays  vertically,  are  supplied  with  voltage 
that  is  proportional  to  the  current  passing  through 
the  cell.  Thus,  a  volt-ampere  curve,  the  form  of 
which  corresponds  to  the  one  shown  in  Fig.  7  appears 
on  the  screen  of  the  cathode-ray  tube. 


0*  18 1 '  to  Ifff) 

Figure  8.  The  first  wave  of  uranium  in  0.024N  HCI  solution 
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Figure  9.  Two  waves  of  uranium  in  0.024N  HCI  solution 
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Figure   10.    The  wave  Pb2*  in   the  presence  of  a   large  amount  of 
uranium 

The  height  of  the  voltage  at  which  the  current 
begins  to  increase  sharply  (C)  characterizes  the 
nature  of  the  substance  in  solution.  A  further  in- 
crease of  potential  in  the  electrolytical  cell  leads 
to  an  increase  of  the  current  passing  through  the 
electrolyte,  to  a  certain  maximum  value.  The  maxi- 
mum height  of  current  (D)  characterizes  the  con- 
centration of  the  substance  in  solution.  The  value  of 
the  maximum  current  depends  on  the  rate  of  varia- 
tion in  the  change  of  the  saw-tooth  wave  voltage 
which  is  passing  into  the  cell,  and  this  in  turn,  de- 
pends on  the  purity  of  the  sweep  generator  and  the 
value  of  the  amplitude  of  the  saw-tooth  wave  voltage. 

The  product  of  these  values  gives  the  rate  of 
change  of  the  saw-tooth  wave  voltage  passing  into 
the  cell.  The  results  obtained  can  be  compared  only 
at  a  continuous  velocity  of  rate  of  change  of  potential. 

These  experiments  were  carried  out  with  the  aid 
of  an  oscillographic  polarograph  constructed  in  the 
Soviet  Union  (Gokhshtein). 

We  have  also  studied  the  mechanism  of  the  UO*** 
reduction  and  worked  out  the  conditions  for  de- 
termining a  number  of  elemenf  admixtures  simul- 
taneously with  the  uranium  determination.  In 


oscillographic  polarography  we  discovered  two  waves 
in  different  media,  with  one  wave  corresponding  to 
the  reduction  potential  =  —0.18  —0.2  v  (see  Fig.  8), 
and  the  other  wave  (obviously,  a  summation)  = 
—0.9— 1.0  v  (see  Fig.  9). 

The  reduction  wave  U4+  -->  +  e  — >  U8+  =  ~ 
— 1.02 v  (in  0.02  N  HC1  solution).  Analysis  of  the 
first  wave  (in  particular,  using  equation  by  Sevcik7), 
showed  that  it  corresponds  to  the  reversible  process, 
while  the  second  corresponds  to  the  irreversible. 

In  practice,  this  method  was  used,  for  instance, 
to  determine  U  and  Pb  when  present  together  in 
uranium  minerals  (see  Fig.  10).  This  is  important 
in  determining  the  absolute  geologic  age  of  minerals 
with  the  uranium-lead  method.  Comparison  of  the 
methods  of  determining  Pb  oscillographically- 
polarographically,  colorimetrically  and  by  electro- 
chemical precipitation,  has  shown  the  advantages  of 
the  oscillographic  polarographic  method. 

At  the  same  time  we  have  successfully  determined 
the  contents  of  U  in  minerals  (Zhirova). 

The  physical  and  physico-chemical  methods  of 
analysis  conducted  in  conjunction  with  other 
methods,  particularly  chemical  methods,  that  I  have 
described  briefly  in  this  paper,  have  ensured  ade- 
quate control  over  uranium  production. 

These  methods,  however,  are  also  of  interest  for 
other  fields  where  they  were  utilized  successfully. 
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The  Analysis  of  Low-Grade  Uranium  Ores  and  their  Products 

By  M.  D.  Hassialis  and  R.  C.  Musa,*  USA 


The  investigation  of  ore-dressing  processes  for 
the  beneficiation  of  low-grade  uranium  ores  requires 
the  routine  analyses  of  solids  containing  0-10  micro- 
grams  of  uranium  per  gram  of  sample  and  of  solu- 
tions containing  (MO  niicrograms  per  milliliter. 
When  these  analyses  are  used  in  the  evaluation  of 
the  over-all  performance  of  some  proposed  treat- 
ment scheme,  the  requirement  that  the  uranium  satis- 
fies a  mass  balance  imposes  an  additional  limitation 
on  the  variance  due  to  analytic  procedures. 

FLUORIMETRIC  METHOD 

Of  the  various  methods  available  for  the  analysis 
of  uranium,  the  fluorimetric  method  has  been  most 
frequently  adopted  as  the  basis  for  routine  analysis. 
The  routine  procedure  developed  by  Grimaldi  and 
his  co-workers1--,  leads  to  satisfactory  results  with 
samples  in  the  intermediate-  and  high-concentration 
ranges,  but  not  in  the  low  end  of  the  concentration 
range.  By  means  of  the  modifications  discussed  below 
the  fiuorimetric  method  can  give  routine  analyses 
with  an  absolute  accuracy  of  97%  of  the  contained 
uranium  and  a  standard  deviation  of  under  3.5^ 
in  the  low-concentration  range. 

Procedure 

The  detailed  procedure  is  as  follows :  A  200  ni£, 
—60  mesh  sample  is  weighed  into  a  30  ml  Ft  crucible 
and  ignited  at  600°C  to  remove  organic  matter;  10 
ml  HF  and  10  nil  of  50  vol  %  HNO3  are  added,  the 
sample  is  digested  on  a  steam  bath  for  one  hour 
and  then  evaporated  to  dryness.  Fluoride  is  removed 
by  evaporation  with  50  vol  %  HNO3,  whereupon 
sample  is  dissolved  in  this  acid  and  transferred  to 
a  volumetric  flask  where  IINO3  concentration  is 
adjusted  to  10  vol  %. 

One  of  two  procedures  is  now  followed  to  remove 
elements  which  interfere  by  quenching  uranium 
fluorescence.  When  the  sample  contains  more  than 
0.01%  U,  a  1  ml  aliquot  of  the  sample  is  put  in  a 
30  ml,  glass-stoppered  test  tube  and  10  ml  of  a  solu- 
tion containing  5  vol  %  HNO3  and  approximately 
900  gm/1  of  AlfNO3)«*9H2O  are  added  usinjr  a 
Filamatic  Vial  Filler.  When  the  sample  contains  less 
than  0.01%  Uf  a  5  ml  aliquot  of  sample  is  placed  in 
the  30  ml  glass-stoppered  test  tube  containing  9.5 
gm  of  AKNO3)3  •  9H2O.  The  tubes  are  placed  in 

*  Columbia  University  Mineral  Beneficiation  Laboratory. 
Including  work  by  S.  Grand,  M.  D.  Hassialis,  J.  Killelea 
and  R.  C.  Musa. 


a  specially  designed  20-tube  rack  and  the  rack  placed 
in  a  hot- water  bath.  The  tubes  are  shaken  inter- 
mittently until  dissolution  is  complete  when  they 
are  cooled  to  room  temperature. 

To  the  sample  and  aluminum  nitrate  solutions,  10 
ml  of  ethyl  acetate  are  added  using  a  Filamatic  Filler 
and  the  stoppered  test  tubes  together  with  rack  are 
transferred  to  an  automatic  shaker  which  agitates 
them  for  5  minutes.  The  phases  are  then  allowed  to 
separate  whereupon  approximately  5  ml  of  the  ethyl 
acetate  phase  is  pipetted  off  and  filtered  through  a 
dry.  Whatman  No.  42  filter  paper  self -supported 
in  the  neck  of  a  test  tube,  thus  removing  any  en- 
trained water  phase.  A  dense,  cation-free  paper  gives 
best  results.  A  1  ml  aliquot  of  filtrate  is  transferred 
to  a  Ft  dish  which  has  been  placed  in  a  holder  so 
positioned  that  the  bottom  of  the  dish  is  immersed 
in  cold  water.  To  prevent  loss  by  creeping,  the  ethyl 
acetate  is  immediately  ignited  by  means  of  a  small 
flame  and  allowed  to  burn  off.  The  dishes  are  then 
placed  on  a  hot  plate  held  slightly  above  100°C  and 
residual  water  evaporated.  The  hot  plate  is  a  Lincl- 
berg  Model  H-2  fitted  with  an  adaptor  designed  to 
hold  25  flux  dishes  V±  inch  above  the  surface  of  the 
hot  plate. 

The  flux  used  is  that  recommended  by  Grimaldi1 
containing  9%  NaV.  45.5",.  Na2COs  and  45.5% 
KoCOa  by  weight.  It  has  been  found  satisfactory  for 
buttons  containing  as  little  as  0.005  niicrograms  of 
U;  the  blank  reading  from  these  buttons  being 
equivalent  to  that  from  0.002  micrograms  of  U. 
Two  gm  of  flux  are  added  to  each  dish  and  the 
dish  is  placed  in  a  desiccator  until  ready  for  fusion. 
Fusions  are  carried  out  in  a  rocking  furnace  made 
by  mounting  a  Timco  Electric  Furnace  Model  RCE 
on  a  New  Brunswick  Scientific  Company  Gyratory 
Shaker  Model  S-3.  The  dishes  are  mounted  in  a 
3-tier  stainless  steel  tray  holding  5  dishes  per  tier 
and  of  over-all  dimensions  5%6  in.  X  4%  in.  X  21%6 
in.  which  just  fits  the  furnace  fire  box.  The  samples 
are  held  at  72°C  for  5  minutes  which  is  about  2 
minutes  longer  than  the  melting  time.  The  dishes 
are  then  removed  and  put  in  a  desiccator  where  they 
cool  for  1  hour  before  reading. 

The  use  of  a  shaking,  fluxing  furnace  is  a  new 
development.  It  replaces  heating  by  hand  in  a  Meeker 
burner  at  red  heat  for  about  30  seconds  in  order  to 
melt  the  flux  and  then  maintaining  the  flux  at  just 
above  its  melting  point  for  90  seconds  by  keeping 
it  in  the  flame  intermittently  while  at  the  same  time 


216 


ANALYSIS  OF  LOW-GRADE  ORES 


217 


the  dish  is  swirled  to  incorporate  and  distribute  all 
of  the  uranium  sample  in  the  flux.  Although  the 
results  obtained  by  a  careful  and  experienced  opera- 
tor are  reasonably  good,  the  procedure  is  tedious, 
time  consuming  and  subject  to  large  variations.  The 
furnace  provides  continuous  swirling  of  the  flux  with 
good  control  of  temperature  and  gives  a  great  saving 
in  time. 

The  fluorescence  of  the  button  is  determined  using 
a  Model  V  Transmission  Fluorimeter.  The  exciting 
ultraviolet  light  (3650A)  is  obtained  by  filtering  the 
light  from  a  G.K.  H100-E4,  high-pressure,  mercury- 
vapor  lamp  with  two  Corning  No.  5874  filters  each 
5-mm  thick.  The  emitted  light  is  filtered  by  a  system 
composed  of  Comings  No.  9780  and  No.  3486  each 
5-mm  thick  to  give  a  peak  at  5550A.  The  resulting 
visible  light  is  converted  photoelectrically  and  am- 
plified by  a  photomultiplier  circuit  using  an  RCA 
5819  tube.  The  output  current  is  read  by  an  RCA 
Ultrasensitive  D.C.  Microammetcr,  Model  WV-84A. 
To  minimize  the  effect  of  chips  from  the  buttons 
falling  on  the  fluorescence  filter  a  non-fluorescent 
glass  is  placed  between  the  sample  holder  and  filter. 
This  glass  is  also  used  as  a  standard  absorbence  in 
adjusting  the  photomultiplier  amplification  to  the 
same  setting  for  all  readings. 

The  uranium  content  of  each  button  is  obtained 
by  comparison  of  its  fluorescent  intensity  with  that 
from  buttons  obtained  from  known  solutions.  Four 
knowns  and  eleven  unknowns  are  run  in  each  set  of 
samples ;  the  four  standards  being  used  as  the  basis 
for  the  calculation  of  the  eleven  unknowns.  The  ura- 
nium content  of  the  standards  is  chosen  so  as  to 
match,  wherever  possible,  the  estimated  uranium 
content  of  the  unknowns. 

Study  of  Procedure 

When  the  fluorimetric  method  failed  to  give  rou- 
tinely acceptable  results  in  the  low-concentration 
range,  the  contribution  of  the  various  steps  of  the 


procedure  to  the  over-all  variability  of  results  was 
studied  with  the  results  described  below. 

Digestion  Procedure 

The  HF-HNOg  digestion  was  studied  by  giving 
a  sample  of  each  of  two  lots  of  shale  to  four  opera- 
tors who  digested  each  sample  to  give  the  corre- 
sponding solutions  which  were  then  analyzed  four 
times.  The  results  are  given  in  Tdble  I. 

The  estimate  of  the  variance  between  replicates  on 
the  same  digestion  is  given  by  *2  =  3(7.28  +  5.10  + 
3.37  +  14.27)/12  =  7.51  and  has  12  degrees  of 
freedom.  The  estimate  of  variance  obtained  by  con- 
sidering the  means  of  the  different  digestions  is 
given  by  </-  —  4<r£  =  4  X  0.82  =  3.28  and  it  has  3 
degrees  of  freedom.  If  there  were  no  contributions 
to  the  over-all  variability  from  differences  between 
the  average  values  for  the  different  digestions  then 
cr$-  =  0  and  the  ratio  of  variances,  /</  would  be  dis- 
tributed with  3  and  12  degrees  of  freedom.  Hence 
the  hypothesis  that  cr^2  =  0  can  be  tested  by  comput- 
ing the  variance  ratio  for  different  significance  levels. 

For  Frt.*s.a  =  F*.i*.»M  value  of  3-f9  is  ol)- 
tained,  while  F^  12  001  •=  5.95.  The  determined  value 

is  /«*  =  328/751'=  0.44;  hence  the  conclusion  may 
be  drawn  that  the  variance  between  digestions  is 
unimportant  in  the  over-all  variance.  The  same  con- 
clusion may  be  drawn  for  Lot  II  where  F  =  0.36/ 
14.88  =  0.03.  In  practice  routine  analyses  provide 
only  for  duplicate  digestions  to  eliminate  the  possi- 
bility of  any  gross  errors. 

Extraction  Procedure 

The  purpose  of  the  ethyl  acetate  extraction  is  to 
separate  the  uranium  from  all  possible  interferences 
before  preparing  the  final  melt.  The  major  inter- 
ferences encountered  are  iron  and  relatively  high 
sulfuric  acid  concentrations.  Other  interferences  are 
either  removed  completely  by  extraction  or  are  not 
present  in  appreciable  quantities  in  the  samples. 


Table  I.     Results  of  HF-HNO3  Digestion 


Opfratar 


7-o/  no. 


79.3 

78.1 

79.4 

82.6 

I 

84.7 

80.9 

79.7 

79.1 

78.7 

80.0 

82.6 

83.2 

80.9 

75.8 

78.3 

75.0 

*,• 

*,    -80.9 

*2   -  78.7 

^3   -80.0 

x4   -  80.0 

«i 

<ri*  -    7.28 

<ra2  =    5.10 

af  =    3.37 

<T42  =  14.27 

85.3 

93.1 

87.5 

93.9 

II 

90.9 

95.0 

94.4 

92.0 

89.6 

89.8 

89.2 

89.2 

97.6 

84.8 

90.7 

89.5 

*, 

xi    =90.9 

*2   =90.7 

*,   =90.5 

^4   =91.2 

er,» 

<n-*  -  25.98 

CT2»   -    19.96 

<r,«  =    8.65 

*42  =    4.94 

xi  _  79.9, 

*n   =90.8 
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The  presence  of  large  amounts  of  iron  in  a  sample 
can  usually  be  overcome  by  dilution  before  extrac- 
tion, since  only  very  large  iron  to  uranium  ratios  are 
troublesome.  Table  II  shows  the  effect  of  large 
amounts  of  ferric  iron  on  readings  obtained  for  a 
solution  containing  a  known  U  concentration  and  no 
foreign  anions  (i.  e.,  only  NOa  present).  Each  read- 
ings is  the  average  of  4  independent  determinations. 


Table  II.     Interference  by  Iron 

U  cone,  (y/ml) 

Fe  cone,  (mg/ml) 

Average  reading 

%  error 

2.0 
2.0 
2.0 
2.0 
0.02 

0 
0.5 
2.0 
5.0 
0.05 

79 
79 
76 
62 
80 

0 
0 
-4 

-20 

_  _j 

It  can  be  seen  that  at  iron  concentrations  around 
2.0  mg/ml,  sufficient  iron  is  carried  into  the  ethyl 
acetate  solution  to  result  in  quenching  of  the  fluo- 
rescence of  the  uranium  in  the  button.  In  a  solution 
containing  2  micrograms/ml  of  U  and  5  mg/ml  of 
Fe,  a  2Q%  error  results.  However,  by  diluting  this 
solution  one-hundredfold  (last  line  in  Table  II),  the 
interference  is  eliminated.  Since  0.01  micrograms/ml 
is  the  lower  limit  for  good  results  using  the  simple 
mixed  flux,  and  since  2  mg/ml  of  Fe  is  the  upper 
limit  on  the  tolerable  iron  concentration,  any  sample 
in  which  the  iron-to-uranium  ratio  exceeds  2  X  105 
must  be  given  special  treatment. 

Interference  by  sulfuric  acid  is  marked  at  high 
concentrations.  Increasing  the  acidity  of  a  standard 
solution  decreases  the  reading  obtained  even  if  no 
foreign  anions  are  introduced.  The  introduction  of 
sulfate  ion  makes  this  effect  even  more  marked.  The 
readings  obtained  for  standard  U  solutions  con- 
taining various  concentrations  of  HNOa  and  H2SC>4 
are  summarized  in  Table  III.  Each  value  is  the 
average  of  at  least  three  determinations. 

These  results  show  clearly  that  increased  acidity 
leads  to  lower  readings,  and  that  the  presence  of 
sulfate  causes  lower  readings.  The  effect  of  nitric 
acid  is  probably  due  both  to  a  change  in  the  distribu- 
tion coefficient  of  uranyl  nitrate  between  water  and 
ethyl  acetate  and  to  alteration  of  the  mutual  solubil- 
ities of  these  two  phases.  The  sulfate  action  is 
probably  due  to  the  complexing  of  UO2  as  UO2  (  SO4) , 
UO2(SO4)2=,  UO2(SO4)46-,  etc.  These  complexes 
compete  with  uranyl  nitrate.  In  the  routine  proce- 
dure all  high  acid  samples  are  diluted  prior  to  extrac- 
tion to  less  than  1  vol  %.  Where  this  is  not  possible 
neutralization  or  elimination  by  fuming  is  used  to 
reduce  the  acidity  and  sulfate  concentrations. 

The  large  amount  of  aluminum  nitrate  is  used  to 
assure  formation  of  extractable  uranyl  nitrate  and  to 
provide  an  excess  of  aluminum  to  complex  such 
anionic  interferences  as  sulfate  and  phosphate. 

Since  the  use  of  solid  A1(NO8)3  *9H2O  entails 
warming  in  order  to  dissolve  the  solid  and  subsequent 
cooling  before  extraction,  several  experiments  were 


Table  III.     Effect  of  Acidity  and  SO4  on  Readings 
Obtained 


U  (7/ml) 


Acid  medium 


Average  reading 


2.0 

H20 

91 

2.0 

1.6N  HNO3 

84 

2.0 

3.2N  IIN03 

75 

2.0 

4.07V  HNO3 

66 

2.0 

8.0JV  HNOS 

55 

2.0 

4.0JV  UNO,  -4.07V  H2S04 

51 

2.0 

2.07V  HN05-  6.07V  H2SO4 

33 

2.0 

8.07V  H2SO4 

27 

very  erratic 

performed  to  determine  whether  a  nearly-saturated 
aluminum  nitrate  solution  could  be  substituted.  In 
each  experiment  the  total  aqueous  volume  was  11  ml, 
composed  of  1  ml  of  a  1  microgram/ml  U  solution, 
x  ml  of  a  900  gm/1  Al(NO3)a  *  9H2O  solution  con- 
taining 10  vol  %  HNOs  and  (10  —  .v)  ml  of  a  pure 
10  vol  %  HNO8  solution.  Each  aqueous  solution, 
therefore,  consisted  of  11  ml  of  10  vol  %  HNOs  con- 
taining 1  microgram  of  U  and  various  quantities  of 
aluminum  nitrate.  Each  solution  was  extracted  with 
10  ml  of  ethyl  acetate,  the  ethyl  acetate  was  filtered 
and  at  least  two  aliquots  from  each  ethyl  acetate 
phase  were  evaporated,  hand-fluxed  and  read.  The 
readings  obtained  are  shown  in  Table  IV. 

Table  IV.     Effect  of  A1(NO3)3  Concentration  on 
Uranium  Extraction 


Standard 

ml 

deviation 

ml 

10% 

Average 

No.  of 

Al  solution 

reading 

extractions 

extractions 

5 

5 

65.0 

1 



6 

4 

75.5 

1 

— 

7 

3 

79.5 

1 

— 

8 

2 

82.3 

7 

2.5% 

9 

1 

84.5 

7 

2.5% 

10 

0 

85.1 

6 

2.8% 

Since  in  the  region  9-10  ml  of  Al(NO3)n  '9H2O 
solution,  the  effect  of  slight  changes  in  the  aluminum 
nitrate  concentration  is  very  small,  and  since  ex- 
cellent precision  was  obtained  throughout  these  ex- 
periments, the  use  of  aluminum  nitrate  solution  was 
adopted  for  all  samples  from  which  a  1  ml  aliquot 
supplied  sufficient  uranium  for  satisfactory  measure- 
ment (at  least  0.05  micrograms  of  U). 

The  possibility  that  the  extraction  efficiency  might 
depend  upon  the  uranium  concentration  was  also 
investigated.  Solutions  containing  varying  amounts 
of  U  were  extracted  using  1  ml  of  solution,  10  ml 
of  aluminum  nitrate  solution  and  10  ml  of  ethyl 
acetate.  Each  solution  was  extracted  three  times, 
and  two  aliquots  from  each  extraction  were  eva- 
porated and  hand-fluxed.  The  readings  obtained  are 
given  in  Table  V. 

Thus  the  extraction  efficiency  appears  to  be  in- 
dependent of  the  U  concentration  in  the  range  in 
which  most  of  our  samples  were  run.  Comparisons 
with  buttons  prepared  directly  (without  extraction) 
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Table  V.     Extraction   Efficiency  vs   Uranium 
Concentration 


U,  y/ml 


0.5 


0.2 


1st  extraction 

82,  83 

41,  41 

16,  18 

2nd  extraction 

77,  78 

42,  42 

17,  17 

3rd  extraction 

80,  80 

38,  41 

18,  18 

Average  reading 

80.0 

40.8 

17.3 

Blank  reading 

1.5 

1.5 

1.5 

Difference 

78.5 

39.3 

15.8 

Units/microgram  U 

78.5 

78.6 

79.0 

Table  VI.     Effect  of  Filtration 


Solutions 


Reading 


Extracted  U-CH8  •  COO  •  C2H5 

1.  Filtered  once,  Whatman  No.  3  paper 

2.  Filtered  once,  Whatman  No.  42  paper 

3.  Unfiltered 
Unextracted  U-CH3  -  COO  •  C.,H5 

1.  Plus  0.1  ml  unfiltered  A!  blank 

2.  Plus  0.5  ml  unfiltered  Al  blank 

3.  Plus  1.0  ml  unfiltered  Al  blank 

4.  Plus  1.0  ml  filtered  Al  blank 


57 
59 
29 
68 
58 
39 
32 
67 


from  ethyl  acetate-uranium  solutions  of  known  con- 
centration indicate  an  overall  extraction  efficiency  of 
about  90%. 

Filtration 

A  study  was  made  to  determine  the  need  for 
filtration.  Standard  uranium  solution  was  extracted 
to  give  typical  ethyl  acetate  solution.  A  uranium- 
free  blank  of  aluminum  nitrate  was  similarly  pre- 
pared. An  unextracted  uranium  solution  in  ethyl 
acetate  of  the  concentration- — the  standard  would 
have  had  if  the  extraction  was  100%  efficient  was 
prepared.  The  comparisons  are  given  in  Table  VI 
and  indicate  the  need  for  filtration. 

Evaporation 

Three  methods  for  removing  the  ethyl  acetate  from 
the  final  1  ml  aliquot  have  been  studied ;  cold  evapora- 
tion in  a  stream  of  air,  which  gives  erratic  results 
owing  to  the  creeping  of  ethyl  acetate,  dropwise 
evaporation  into  a  hot  platinum  dish  supported  on  a 
small  aluminum  holder  about  l/2  inch  from  the  sur- 
face of  the  hot  plate,  and  the  burning  technique 
previously  described.  Table  VII  gives  a  comparison 
of  the  precisions  obtained  by  several  operators  using 
the  hot  evaporation  and  burning  techniques.  These 
results  are  based  upon  the  readings  obtained  with 
the  known  uranium  solution  used  as  the  calibrating 
standard  for  all  routine  analyses.  The  standard  devia- 
tions given  are  based  on  results  obtained  during 
everyday  routine  operations.  Hand-fluxing  was  used 
throughout. 

It  is  evident  that  the  burning  technique  is  more 
precise,  though  in  the  hands  of  a  skilled  operator, 
as  with  No.  3,  the  hot  dropwise  evaporation  can  be 
as  effective;  the  main  trouble  being  spattering  and 
carelessness  arising  from  the  tediousness  of  the 
procedure. 


Fluxing 

Variation  in  the  amount  of  flux  will  cause  a  small 
variation  in  assay.  Table  VIII  shows  the  effect  of 
large  changes  in  the  weight  of  flux  added  to  0.1 
micrograms  of  U. 

Actual  weighings  on  a  series  of  finished  buttons 
indicate  variation  from  1.9-2.1  gm.  A  button  dif- 
fering from  2.0  gm  by  0.1  gm  will  be  in  error  by 
1.5%. 

The  mixed  flux  used  in  these  analyses  is  prepared 
in  batches  of  6.7  pounds  each.  It  has  been  found  that 
different  batches  yield  readings  which  differ  from 
each  other  by  as  much  as  10%.  Since  all  unknowns 
are  run  together  with  standards,  and  the  same  batch 
of  flux  is  used  for  both,  no  attempt  has  been  made 
to  determine  the  cause  of  this  variation. 

The  hand-fluxing  technique  described  previously 
has  been  used  for  all  work  until  the  recent  develop- 
ment of  the  shaking-furnace  procedure.  The  results 
obtained  with  hand-fluxing  are  quite  satisfactory, 
but  very  time  consuming.  A  standard  deviation  of 
3-5%  may  be  obtained  in  the  routine  analysis  of 
both  solids  and  solutions  using  burning  and  hand- 
fluxing. 

Successful  furnace  fluxing  depends  upon  proper 
swirling  of  the  molten  flux,  maintenance  of  an  op- 
timal temperature  and  the  elimination  of  thermal 
gradients  within  the  furnace  which  give  rise  to  varia- 
tions between  buttons  of  the  same  batch.  The  shaker 
previously  described  has  a  variable  amplitude  per- 
mitting variation  of  the  degree  of  agitation.  The  in- 
terior furnace  dimensions  closely  match  those  of 
the  sample  tray  consequently  temperature  gradients 
appear,  the  worst  of  which  is  from  back  to  front 
produced  by  the  cooling  of  the  front  door  when  the 
furnace  is  opened.  At  high  temperatures,  e.g.,  above 
750°  C  a  marked  top-to-bottom  gradient  appears.  At 
temperatures  below  700° C  it  is  difficult  to  remove 
the  sample  tray  and  set  it  down  on  a  level  surface 
before  premature  solidification  of  the  flux  in  the 
front  dishes  takes  place.  This  causes  a  serious  depar- 
ture from  the  normal  geometry  of  the  buttons  lead- 
Table  VII.  Hot  Evaporation  vs  Burning 

Standard  deviation 


Operator 

Hot  dropwise  evaporation 

Burning 

1 

4.2% 

3.2% 

2 

4.9% 

3.5% 

3 

2.9% 

3.0% 

4 

3.9% 

2.7% 

5 

5.9% 

3.0% 

6 

4.0% 

3.0% 

Table  VIII.     Effect  of  Weight  of  Flux 


Weight  of  flux  (gm) 


Average  reading 


1.5 
2.0 

2.5 


92 
86 
80 
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ing  to  a  dispersion  of  readings  in  the  fluoriineter 
depending  upon  orientation  of  the  button.  Table  IX 
gives  the  results  obtained  in  a  series  of  runs  in  which 
1  ml  aliquots  of  a  standard  solution  of  0.1  micro- 
grams/ml  of  U  in  ethyl  acetate  were  used.  The 
values  given  are  the  averages  of  six  buttons  for 
front  to  back  and  of  five  buttons  from  top  to  bottom. 

These  results  show  conclusively  that  the  tempera- 
ture range  from  710-725°C  with  a  time  range  from 
4^-6  minutes  gives  only  slight  po.sition-to-position 
effects  and  also  gives  consistently  small  standard 
deviations.  Considering  the  fact  that  the  seven  runs 
at  72S°C  when  combined  give  an  over-all  standard 
deviation  for  the  evaporation  and  fluxing  of  3%  or 
better,  it  was  decided  to  use  725  °C  for  five  minutes 
for  routine  operation.  An  estimate  of  the  standard 
deviation  of  the  procedure  was  calculated  using  the 
results  obtained  from  duplicate  analyses  of  246  sam- 
ples. The  variance  of  each  pair  of  duplicates  was 
calculated,  and  these  variances  were  used  to  obtain 
a  population  estimate  of  4.Qc/c. 

The  readings  obtained  for  the  daily  standards  with 
the  furnace  procedure  indicate  that  at  725 °C  and 
five  minutes  there  is  a  slight  front-to-back  effect, 
with  the  front  being  about  3%  lower.  Other  time- 
temperature  combinations  are  being  studied  in  an  at- 
tempt to  decrease  this  difference.  The  possibility  of 
using  a  furnace  with  a  large  fire-box  is  under  con- 
sideration. 

Reading 

The  most  common  source  of  error  in  reading  the 
fluorimeter  is  the  presence  of  flux  chips  either  on  the 
secondary  filter  system  or  on  the  clear  glass  provided 
as  the  protection  for  the  filter  system.  Much  of  this 
difficulty  has  been  overcome  by  using  a  vacuum 
cleaner  to  clean  the  sample  holder  and  the  clear  glass. 
However,  since  the  clear  glass  is  used  as  a  reference 
standard  for  setting  the  photomultiplier  high  voltage, 
it  is  desirable  to  have  some  independent  standard 
for  setting  the  photomultiplier  amplification  in  order 


to  be  sure  that  the  glass  and  the  filter  system  are 
clean. 

Most  fluorescent  standards  have  not  proven  prac- 
tical/'1 Our  experience  has  shown  that  the  reading 
obtained  for  a  normal  button  containing  1  microgram 
of  uranium  and  stored  in  a  desiccator  does  not  change* 
after  several  months  of  storage.  Buttons  containing 
0.1  microgram  of  U  change  appreciably  in  a  few 
days.  In  view  of  this,  a  1  microgram  button  is  used 
as  our  primary  standard.  The  meter-setting  pro- 
cedure is  as  follows :  (a)  clean  all  glass  thoroughly ; 
(  b )  set  high  voltage  so  that  clear  glass  standard  gives 
a  reading  of  80  (on  meter  scale  of  100  units)  ;  (Y) 
place  standard  1  microgram  button  in  holder  and 
read  (The  reading  of  this  primary  standard  is  ar- 
bitrary. The  object  of  this  procedure  is  to  reproduce 
that  reading  each  day.)  ;  (</)  if  the  standard  button 
reads  incorrectly,  clean  all  glass  surfaces  again,  and 
re-set  high  voltage;  (c)  read  standard  button. 

This  procedure  yields  the  same  reading  for  the 
standard  button  day  after  day.  After  a  time,  of 
course,  the  photomultiplier  tube  or  the  ultraviolet 
light  may  change  enough  so  that  cleaning  the  instru- 
ment will  no  longer  give  the  same  reading  for  the 
standard  button.  In  this  case,  the  distance  between 
the  light  and  the  button  can  be  changed  so  as  to 
obtain  the  correct  reading  for  the  standard  button. 
Thus,  a  constant  meter  reading  can  be  obtained  at 
all  times. 

Conclusion 

Routine  fluorimetric  analyses  for  uranium  in  a 
wide  variety  of  materials  can  be  accomplished  rapidly 
and  accurately  using  furnace  fluxing.  A  single  tech- 
nician working  an  eight-hour  day  can  analyze  four 
sets  of  solutions,  each  consisting  of  eleven  unknowns 
and  four  standards.  (This  does  not  include  the 
digestion  of  solid  samples.) 

The  standard  deviation  obtained  from  routine 
replicate  analyses  performed  in  this  manner  is  almost 
always  less  than  5%.  The  accuracy  obtained  has  been 


Table  IX.     Time-Temperature  Study  in  Furnace  Fluxing 


Temp. 

Time 

/littragtf 
reading 

Standard 
deviation 

Top 

Bottom 

Front 

Back 

705 

SM 

90.0 

5.2 

94 

85 

87 

92 

705 

6% 

89.3 

1.5 

89 

88 

89 

89 

705 

7 

89.7 

3.1 

90 

88 

91 

89 

710 

5 

88.4 

3.0 

90 

86 

89 

88 

710 

6 

88.4 

4.3 

87 

88 

89 

88 

710 

6 

89.8 

1.7 

89 

90 

89 

90 

710 

6 

91.7 

1.9 

90 

92 

92 

92 

710 

7 

92.4 

2.1 

92 

93 

92 

93 

710 

8 

93.1 

3.3 

89 

96 

93 

94 

725 

4 

87.1 

2.6 

88 

86 

86 

88 

725 

4H 

88.1 

1.2 

88 

87 

88 

89 

725 

4H 

89.1 

1.8 

90 

89 

90 

89 

725 

5 

86.4 

2.6 

86 

07 

86 

87 

725 

5 

87.4 

1.6 

86 

87 

87 

87 

725 

5 

89.1 

2.7 

88 

89 

89 

89 

725 

5}^ 

87.6 

2.7 

87 

87 

88 

88 

ANALYSIS  OF  LOW-GRADE  ORES 


221 


checked  using  a  mass  spectrometric  isotope  dilution 
technique  which  will  be  described  below,  in  all 
cases  the  values  obtained  fluorimetrically  are  within 
a  few  per  cent  of  those  obtained  mass  spectrometric- 
ally  and  there  is  no  evidence  of  a  bias  in  the  rluori- 
metric  analysis. 

MASS  SPECTROMETRIC  ISOTOPE  DILUTION  METHOD 
Procedure 

An  isotope  dilution  method  for  the  determination 
of  uranium  has  been  described  by  Iless.4  The  pro- 
cedure involves  addition  of  a  known  amount  of  a 
uranium  isotope,  either  U233  or  U235,  and  the  meas- 
urement of  the  U-38/U-35  or  U238/U233  ratio  after 
spiking. 

In  our  procedure  the  unknown  solution  is  spiked 
with  U235.  The  uranium  is  extracted  from  the  solu- 
tion using  ethyl  acetate  and  A1(NO3)3  as  the  salting 
agent,  if  the  unknown  is  in  nitric  acid  solution  (all 
solids  are  dissolved  in  HNO3  as  previously  describ- 
ed) or,  a  solution  of  Armeen  2-12  (didodecylamine) 
in  chloroform  when  the  unknown  is  in  sulfuric  acid 
medium.  The  resultant  organic  phase  is  evaporated, 
ignited,  if  necessary,  to  remove  any  remaining  or- 
ganic matter,  and  the  residue  then  taken  up  in  a  few 
drops  of  10  vol  %  HNOs.  This  solution  is  evaporated 
onto  a  tantalum  filament  (using  infra-red  heat)  and 
the  filament  placed  into  the  instrument.  The  isotope 
ratio  is  measured  and  the  uranium  concentration  in 
the  unknown  calculated  from  the  following : 


XRn 


235  J 


(235  ) 


X 


(235) 


where,  R  =  measured  mole  ratio  U238/IJ235,  Rn  = 
mole  ratio  U238/TJ235  jn  unknown  (natural)  sample, 
#y  =  mole  ratio  U238/U23ri  in  spike  (U235  enriched) 
solution,  X  =  weight  of  U  in  unknown  sample  aliquot, 
and  Y  =  weight  of  U  in  spike  solution  aliquot. 

The  instrument  used  is  a  6-inch  radius,  60-degrec 
sector,  double-focusing  mass  spectrometer  similar  to 
Nier'sr>  except  that  a  surface  ionization  (thermal 
emission)  ion  source6  is  used.  The  experimental 
instrument  is  capable  of  handling  four  samples  per 
day.  Construction  of  a  more  complex  instrument 
incorporating  a  sample  vacuum-lock  assembly  mo- 


deled after  the  one  built  at  the  Idaho  Falls  installation 
of  the  Phillips  Petroleum  Company7*8  has  been 
started.  This  instrument  should  be  capable  of  hand- 
ling fifteen  samples  per  day  since  evacuation  time 
is  reduced  to  a  few  minutes  per  sample. 

Results 

The  first  results  obtained  were  a  series  of  replicate 
determinations  designed  to  supply  an  accurate  analy- 
sis of  the  U235  solution  which  would  be  used  as  the 
isotopic  spiking  solution.  Eleven  determinations  were 
performed  in  the  following  manner :  An  aliquot  of 
a  gravimetrically  standardized  natural  uranium  solu- 
tion was  added  to  an  aliquot  of  the  U235  solution,  the 
mixture  was  evaporated  and  placed  on  a  filament 
and  the  ratio  determined.  The  ratios  (U238/U235) 
varied  from  0.7  to  1.5.  The  standard  deviation  of  the 
eleven  results  was  0.8%. 

As  a  check  on  the  accuracy  of  the  fluorimetric 
method,  several  samples  which  had  been  analyzed 
fluorimetrically  were  analyzed  using  the  isotope 
dilution  technique.  The  comparisons  obtained  are 
given  in  Table  X.  These  results  show  the  excellent 
agreement  that  is  usually  obtained  with  the  two 
methods.  In  practice,  the  isotope  dilution  technique 
is  used  for  samples  which  require  very  accurate 
analysis,  e.g.,  tailings  from  an  ore-dressing  process. 

Table  X.  Comparison  of  Fluorimetric  and  Isotopic 
Dilution  Analyses 


Sample  description 


U'jluarimctric 


U -isotopic  dilution 


Shale  sample  1 

0.00799% 

0.00801%, 

Shale  sample  2 

0.00908% 

0.00910% 

Shale  sample  3 

0.00803% 

0.00820% 

Roasted  shale 

0.0110% 

0.1018% 

Unidentified  solid 

0.53% 

0.54% 

H  280)4  leach  solution 

31.1  Mg/ml 

31.9  /ig/ml 

REFERENCES 

1.  Grimaldi,  F.  S.,  May,  I.  and  Fletcher,  M.  H.,  U.S.G.S. 
Circular  No.  199  (1952). 

2.  Grimaldi,  F.  S.  and  Levine,  H.,  AECD  2824  (1950). 

3.  Rodden,  C.  J.  et  al.t  Analytical  Chemistry  of  the  Manhat- 
tan Project,  McGraw-Hill  Co.:  130  (1950). 

4.  Hess,  D.  C.  et  al.,  NBS  Circular  No.  522:183  (1953). 

5.  Nier,  A.  D.,  Rev.  Sci.  Instr.  18:398  (1947). 

6.  Gehrcke,   E.  and  Reichenheim,   O.,  Deut.   Phys.   Gesell. 
Verb.  9:76,  200,  376  (1907). 

7.  Stevens,  C.,  Rev.  Sci.  Instr.  24:148  (1953). 

8.  van  Sickle,  N.  E.,  IDO-15080  (1953). 


The  Application  of  Analytical  Chemistry  to 
the  Study  and  Evaluation  of  Uranium  Minerals 


By  A.  Herculano  de  Carvalho,*  Portugal 

The  problems  encountered  in  analytical  chemistry 
in  connection  with  the  evaluation  of  uranium  ores 
are  not  widely  different  from  those  found  in  other 
routine  operations  of  a  similar  type. 

In  fact,  uranium  is  an  element,  the  identification, 
separation  and  estimation  of  which  are  relatively  easy. 

Nevertheless,  there  are  two  circumstances  which, 
by  making  it  imperative  that  the  methods  be  carefully 
selected,  account  for  the  considerable  amount  of 
analytical  research  work  which  developed  in  the 
course  of  the  last  few  years  on  that  subject,  of  which 
it  can  be  assumed  that  only  a  fraction  become  the 
subject  of  technical  papers. 

These  circumstances  are :  (a)  the  current  demand 
for  uranium;  and  (&)  the  high  degree  of  purity  re- 
quired for  the  metal  in  its  application  in  nuclear 
reactors. 

This  means  that  extremely  sensitive  methods  must 
be  developed  (for  instance :  in  order  to  determine  the 
uranium  content  of  very  low  grade  ores  and  process- 
ing residues,  the  estimation  of  impurities  in  the  oxide 
and  in  the  metal,  etc.).  Furthermore,  while  remain- 
ing, in  each  case,  within  the  limits  of  the  precision 
required,  the  methods  used  must  be  such  as  to  be 
carried  out  simply  and  speedily.  Let  it  be  stated  that 
speed  is  the  quality  most  sought,  since  it  makes  it 
possible  to  reduce  the  labor  costs  of  the  analytical 
control,  which  costs  are  still  too  high  in  view  of  the 
closeness  and  frequency  of  the  control  operations 
needed. 

Allowing  for  these  peculiar  aspects  of  the  prob- 
lem, the  Analytical  Chemistry  section  of  the  "Comis- 
sao  de  Estudos  de  Energia  Nuclear",  in  close  cooper- 
ation with  the  "Junta  de  Energia  Nuclear",  began 
its  study  in  the  belief  that  it  would  be  useless  at  the 
present  time  to  look,  for  new  methods,  and  that  one 
should  simply  select  among  those  known,  on  the  basis 
of  the  information  supplied  by  the  bibliographies, 
or  transmitted  by  similar  foreign  organizations, 
thereafter  to  be  confirmed  by  our  own  experience. 

Some  findings  of  this  work  in  its  present  status 
are  reported  in  this  paper.  It  is  concerned  particularly 
with  methods  of  estimating  uranium  in  the  ores 
mined  on  the  Portuguese  territory ,f  their  concen- 
trates and  process  tailings. 


The  need  for  operational  speed  and  simplicity 
makes  the  classical  gravimetric  methods  unsatisfac- 
tory. One  of  these  methods  is  being  used  less  and  less 
as  a  standard  method  for  U3O8  minerals  of  high  or 
average  UaOs  concentration,  and  we  shall  not  con- 
sider separation  methods  such  as  mercury  cathode 
electrolysis,  extraction  with  solvents  of  cupferron 
complexes,  etc. 

The  use  of  ion-exchange  resins  requiring  much 
time  and  large  elution  volumes,  and  the  application 
of  certain  physical  non-automatic  methods  are  to  be 
thought  of  only  in  special  cases. 

We  were,  however,  partially  successful  in  our 
attempts  to  separate  iron,  aluminum,  and  phosphate 
by  the  cationic  resins  with  elution  by  ammonium  or 
sodium  carbonate :  the  operation  is  somewhat  lengthy, 
and  although  it  is  possible  to  avoid  a  release  of  CC>2, 
recovery  of  the  uranium  is  often  incomplete. 

For  the  estimation  of  trace  quantities,  the  elegant 
methods  known  as  "activation"  are  inaccessible  to 
us  because  we  do  not  have  a  nuclear  reactor  or  any 
other  source  of  intense  neutron  fluxes. 

Our  experience  with  the  other  methods  led  us  to 
select  among  the  following:  chemical  attack,  pre- 
ceded or  not  by  ustulation,  is  made  with  aqua  regia 
followed  by  evaporation  to  dryness,  dissolving  once 
or  twice  in  a  suitable  acid  according  to  the  purpose 
of  the  analysis  and  the  contents  of  the  sample.  The 
other  variable,  namely  the  size  of  the  sample,  gen- 
erally falls  somewhere  between  0.5  and  10  gm. 

Accurate  estimation  is  carried  out  as  follows : 

1.  Following  separation  of  iron    (as    well  as  of 
phosphate  and  aluminum)  :  by  oxidation-reduction 
volumetric  analysis  with  Ce4+  or  Cr2O7= ;  we  en- 
deavored to  replace  Jones1  column  by  an  "internal" 
reduction  process  with  SnClo  and  Fe3*  as  a  catalyst, 
according  to  an  American  method.1 

2.  Without  any  previous  separation:  by  use  of  a 
thiocyanate  followed  by  spectrophotometric  determin- 
ation with  SnCl2  as  to  reduce  the  iron  and  copper  as 
precipitant,  using  the  current  technique  (very  small 
amounts  of  uranium)  or  our  "differential"  method2 
(solutions  containing  50  to  170  mg/liter  of  UaOg). 

Polarography  also  is  a  good  method,  and  one  can 
avoid  the  separation  of  iron  (and  copper)  by  adopting 
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t  Indication  of  the  type  of  these  minerals  is  made  in  a 
paper,  P/968,  published  in  Session  6B,  Volume  6,  of  these 
Proceedings. 
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Table  I.     Methods 


Separation 


Estimation 


Special  purpose 


Solvent  extraction 
Alkaline  carbonate 
Alkaline  carbonate 
Chromatography 

(paper) 
Chromatography 

(paper) 
None 
None 
None 


Redox\ 
RedoxJ 
Colorimetry 

Polarography 


Reference  methods 

Prospection 

Prospection 


Fluorimetry  Prospection 

Radiometry  Prospection 

Polarography          "| 
Spectrophotometry  \-  Routine 
(SCN)  J 


the  technique  followed  by  the  C.E.A.3  or  the  more 
sensitive  method  of  Legge.4 

For  geochemistry  and  health  control,  i.e.,  for  the 
estimation  of  vanishingly  small  amounts,  fluorimetry 
or  spectrometry  must  be  used. 

We  have  not  yet  done  any  precision  fluorimetry, 
but  our  method  already  has  given  the  order  of 
magnitude  of  the  U  content  of  some  materials. 

For  the  current  needs  of  prospecting,  in  addition 
to  the  radiometric  method  which  is  the  most  useful, 
a  rapid  technique  of  measurement  using  hydrogen 
peroxide  is  in  order,  the  measurements  being  made 
using  a  portable  colorimeter  equipped  with  filters. 

As  regards  separation  on  a  macro-analytical  scale, 
we  adopt  the  classical  procedure,  using  ammonium 
carbonate  or  extraction  of  uranyl  nitrate  by  an 
organic  solvent;  we  do  concede,  however,  that 
Chromatography  in  a  cellulose  column  with  elution 
by  ether  or  ethyl  acetate  also  is  a  good  method. 

For  low  concentrations,  the  extraction  of  the 
nitrate  is  still  to  be  recommended,  but,  in  this  case 
(and  particularly  for  micro-quantities),  the  method 
of  choice  is  paper  Chromatography.  The  duration  of 
the  elution  may,  in  the  end,  be  greatly  reduced  by 
making  many  simultaneous  separations  with  very 
simple  and  cheap  equipment.  A  rectangle  of  the  paper 
strip  which  carries  the  separated  uranium  is  incin- 
erated and  can  be  used  for  polarographic5  or  fluori- 
metric  estimation. 

For  working  under  "standard"  conditions  and  with 
a  little  training,  this  development  is  unnecessary,  but 
this  operation  can  be  carried  out  without  difficulty 
for  the  final  measurement  if  the  reagent  is  organic. 
For  instance,  an  alcoholic  solution  of  acid  carmine 
gives  good  results  if  it  is  afterwards  exposed  to 
ammonia  vapor.  We  even  studied  a  colorimetric 
method  of  measurement  using  this  reagent,  which 
unfortunately  is  too  sensitive  to  pH  variations,  and 
not  very  selective.  Only  the  color  with  uranyl  (green) 
is  specific,  but  many  other  ions  also  give  intense 
colors. 

We  feel  that  methods  mentioned  are  adequate  as 
regards  U  measurement.  We  have  reason  to  expect, 
in  a  future  which  may  not  be  immediate,  some  prob- 
lems to  be  raised  by  the  urgency  of  systematically 
making  a  great  many  analyses.  These  problems, 


however,  are  already  in  hand  in  those  countries 
which  are  already  advanced  in  the  utilization  of 
nuclear  energy. 

The  problem  will  probably  be  solved  by  an  exam- 
ination of  the  statistical  aspect  and,  for  analytical 
chemists,  by  the  elaboration  of  totally  automatic 
physical  methods.  Among  these,  coulometry,  which 
is  still  in  its  beginning,  may  have  an  important  part 
to  play,  since  it  makes  it  possible  tQ  combine  conven- 
tional titrimetry  with  modern  electro-analysis,  and 
with  an  obvious  simplification. 

Today,  the  selection  of  analytical  methods  is  often 
confusing,  not  for  a  lack  of  references,  but,  rather, 
due  to  the  over-abundance  of  papers,  the  results  of 
which  often  disagree. 

It  is  quite  understandable  and  actually  useful  that 
each  laboratory,  in  view  of  the  unlimited  potential- 
ities of  recently  discovered  means  for  chemical  analy- 
sis, should  try  to  find  new  methods  different  from 
those  used  by  others.  Often,  however,  this  causes 
a  real  waste  of  time  and  labor. 

In  the  case  under  study,  it  might  be  possible  to 
direct  this  research  on  an  international  plane.  This 
obviously  would  require  a  certain  discipline,  not  to 
be  imposed,  but  accepted,  by  those  who  might  wish 
such  discipline. 

In  this  sense,  it  would  be  desirable  for  an  Ana- 
lytical Chemistry  Commission,  which  might  be  a 
subsection  of  the  U.I.C.P.A.,  to  be  directing  a  sys- 
tematic research  in  the  methods  of  analysis  concerned 
with  the  use  of  nuclear  energy  for  peaceful  uses,  thus 
functioning  as  an  information  and  coordination 
center. 

Thus,  one  would  avoid  a  great  many  trials  and 
error  and  useless  multiplications  of  research  and 
selection  work. 

The  appended  table  shows  the  results  of  our  selec- 
tion of  analytical  methods,  which  are  quantitative 
for  uranium. 

Of  course,  we  are  dealing  with  determinations  of 
the  element  in  the  minerals  of  Continental  Portugal : 
pitchblende,  autunite,  torbernite,  without  any  thorium 
or  rare  earths. 

Chemical  attack  and  separation  of  uranium  in  the 
minerals  of  our  East  African  territory  (Mo<;am- 
bique)  :  davidite,  samarskite,  euxenite,  etc.,  are  natu- 
rally different  and  often  difficult.  The  analysis  of  the 
davidite  of  Tete  (Mavusi)  has  been  the  object  of 
earlier  papers.6  This  mineral  luckily  contains  only 
traces  of  Nb  and  Ta.  However,  other  complex  min- 
erals which  we  have  examined  contained  considerable 
amounts  of  these  minerals.  The  estimation  of  ura- 
nium alone  is  often  quite  simple,  but  a  complete 
analysis  is  one  of  the  most  complex  problems  in 
chemical  analysis. 

Even  in  the  absence  of  phosphate,  the  separations 
are  nearly  always  incomplete  and  purification  of  the 
precipitates  at  times  difficult.  We  must  note  the 
difficulty  in  the  estimation  of  thorium  in  those  com- 
plex minerals.  At  the  Center  of  Physics  of  the 
Commission  of  Nuclear  Energy  Study,  the  study  of 
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the  possibility  of  radiometric  estimation7  of  U  and 
Th  in  those  minerals  is  being  continued. 

Until  now  we  have  made  a  revision  of  the  polar- 
ographic  methods  of  estimation  of  some  elements  of 
interest  for  the  applications  of  nuclear  energy8  and, 
at  the  Analytical  Chemistry  Laboratory,  we  elected 
to  use  a  technique  of  estimation  of  Be  in  beryl.  The 
study  of  the  analysis  of  the  tantalocolombites  goes  on. 
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Determination  of  Small  Quantities  of  Uranium  in  Ores 

By  P.  N.  Paley,  USSR 


At  the  Academy  of  Sciences  of  the  USSR  the 
development  of  methods  for  the  determination  of 
small  amounts  of  uranium  in  ores  and  other  materials 
has  passed  through  the  same  stages  as  abroad.  In  the 
beginning  the  classical  methods  of  uranium  determin- 
ation and  separation  from  other  elements  were  used, 
then  they  were  improved  and  later  they  were  partly 
or  completely  replaced  by  more  i>erfected  methods. 

In  this  report  only  the  chemical  methods  are  de- 
scribed, the  development  of  physical  and  physico- 
chemical  methods  of  uranium  analysis  is  given  in  a 
special  one. 

COLORIMETRIC  METHODS  OF  URANIUM 
DETERMINATION 

The  reaction  of  uranium  with  hydrogen  peroxide 
(peruranate  formation)  in  alkaline  media,  in  spite 
of  low  sensitivity  was  investigated  in  detail  and  for 
some  years  was  widely  used  in  the  USSR  for  the 
analysis  of  low-grade  ores,  mainly  because  of  the 
simple  treatment  required  for  the  ore  decomposition 
products  with  sodium  carbonate  to  isolate  uranium 
and  to  separate  it  from  most  of  the  associated 
elements  (Zvenigorodskaja).  Because  of  unavoidable 
complications  in  the  methods  of  purification,  which 
were  necessary  for  the  separation  of  some  elements 
interfering  with  this  reaction,  for  instance,  copper, 
vanadium,  molybdenum  and  others,  it  was  almost 
completely  substituted  by  other  reactions. 

The  reaction  of  uranium  with  ferrocyanide  is  more 
sensitive  but  the  colloidal  solutions  of  the  compound 
formed  obeys  Beer's  law  only  under  specific  condi- 
tions.1 Sinjakova  and  Klassova  have  stated  that  at 
a  concentration  of  ferrocyanide  and  nitric  acid  of 
0.02M  and  0.05M  respectively,  the  absorbance  meas- 
ured IS  minutes  after  addition  of  the  reagents  was 
proportional  to  the  concentration  of  uranium  over 
the  concentration  range  10-100  y  per  25  ml  (Fig. 
1).  Measurements  were  made  on  a  universal  pho- 
tometer, using  a  green  filter  (496  m/x).  The  presence 
of  iron  in  amount  less  than  10%  and  vanadium  5% 
(of  uranium  content)  did  not  interfere.  The  error 
was  ±:  3%.  This  method  is  used  for  industrial  con- 
trol, but  its  application  to  ore  analysis  is  limited. 

Belaja  has  investigated  the  reaction  of  uranium 
with  /-ascorbic  acid,  which  forms  an  unstable  com- 
plex with  uranium.  Maximal  coloration  is  produced 
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only  by  using  a  large  excess  of  reagent;  when  the 
absorption  ot  a  solution  containing  15  y  U/ml  is 
measured  on  a  universal  photometer  using  a  violet 
filter  (436  m//,),  0.4  gm  of  ascorbic  acid  is  required 
(Fig.  2).  In  the  presence  of  alkali  carbonates  the 
colour  is  stable  for  24  hours  or  more.  The  sensitivity 
of  this  reaction  is  5  y  U/ml  at  a  pH  =  4.4-4.5.  The 
pH  of  the  solutions  is  adjusted  with  the  aid  of 
w-dinitrophenol,  the  colour  of  which  disappears  at 
pH  4.5.  To  apply  this  reaction  to  ore  analysis,  a 
preliminary  treatment  with  sodium  carbonate  is  re- 
quired. The  remainder  of  the  traces  of  iron,  alumi- 
nium, titanium  and  manganese  in  the  solution  does 
not  interfere.  The  influence  of  copper  is  eliminated 
by  addition  of  sodium  thiosulphate. 

The  reaction  of  uranium  with  sulosalicylic  acid 
was  investigated  by  Sinjakova  and  Klassova;  this 
acid  forms  a  coloured  compound,  the  solutions  of 
which  obey  Beer's  law  (Fig.  3)  for  uranium  concen- 
trations up  to  0.250  mg  per  25  ml,  when  measured 
using  a  blue  filter  (465  m/i).  The  optimal  pH  value 
of  4.4  (  Fig.  4)  is  adjusted  with  "urotropin".  A  most 
intensive  coloration  is  attained  after  15  minutes 
and  does  not  change  for  60  minutes.  (See  Figs.  1  and 
2.)  Molybdenum,  manganese  and  calcium  in  amounts 
not  exceeding  20-fold  that  of  uranium  do  not  inter- 
fere. Vanadium  produces  a  maximum  absorbance  at 
500  m/it  and  in  amounts  less  than  0.1  mg  does  not 
cause  a  notable  error.  Iron  and  copper  must  be 
absent.  The  sensitivity  of  this  reaction  is  less  than 
that  with  ferrocyanide. 

Kazakov  has  isolated  two  compounds  formed  by 
sodium  diethyldithiocarbamate  with  uranium : 
UO2(SoNC5Hio)2  —  yellow-orange,  existing  at  a 
pH  range  of  2.5-7.0,  and  red  UO2(S2NC5H10)a  • 
NaS2NCr,H10  formed  at  a  pH  higher  than  7.0. 

The  absorbance  of  aqueous  solutions  of  the  former 
at  320  m/*  is  75%  greater  than  that  of  the  latter. 
Sinjakova  and  Klassova  stated  that  in  the  pH  range 
6.6-6.8  and  using  a  green  filter  (496  m/w)  Beer's  law 
is  obeyed  (Figs.  5  and  6)  in  the  concentration  range 
0.01-0.5  mg  U  per  25  ml.  Readings  should  be  made 
20  minutes  after  development  of  the  colour  and  at  a 
temperature  of  15-20°.  This  reaction  permits  the 
determination  of  as  little  as  2.5  y  of  uranium  in  10 
ml,  but  careful  separation  of  many  impurities  (Fe, 
Cu,  Mn,  Ti,  V  and  so  on)  is  required.  The  intensity 
of  the  uranyl  diethyldithiocarbamate  colour  may  be  in- 
creased by  extraction  into  organic  solvents  (chloro- 
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Figure  1.  The  dependence  of  the  absorbonce  of  ferrocyanide 
solutions  on  uranium  concentration  (7/25  mi) 
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Figure  2.  The  dependence  of  the  absorbance  of  uranyl  solutions 
on  ascorbic  acid  concentration  (gm/50  ml) 

form  etc.).  The  absorbance  of  the  chloroform  solu- 
tions is  nearly  constant  in  the  range  360-410  m/x. 
Therefore  it  is  suitable  to  make  measurements  at 
380  m/A.  The  molar  absorption  coefficient  of  the 
chloroform  solution  («38o)  is  4050.  Beer's  law  is 
obeyed  up  to  concentrations  of  0.1  mg  U/ml.  The 
absorbance  of  the  chloroform  solution  does  not  change 
for  6  hours  while  that  of  an  ethyl  acetate  solution 
increases  by  3.5—4%  for  1  hour  and  then  decreases. 
In  aqueous  solutions  the  absorbance  decreases  by 
20%  in  6  hours. 

The  absorbance  at  380  m/i  of  iron,  copper,  nickel 
and  cobalt  compounds  in  organic  solvents  is  high, 
therefore  they  should  be  removed  (see  below). 

In  aqueous  solutions  the  reaction  of  uranium  with 
thiocyanates  has  a  lower  sentivity,  than  other  reac- 
tions, even  than  the  reaction  with  hydrogen  perox- 
ide. The  influence  of  many  cations  on  the  absorbance 
at  350  m/x  in  acetone-water  solutions  (60%  acetone) 
was  investigated.  It  was  found  that  addition  of  a 
reducing  reagent,  such  as  stannous  chloride  does  not 
noticeably  influence  iron  and  copper  if  the  amounts 
of  these  elements  do  not  exceed  those  of  uranium. 
Titanium  and  vanadium  in  amounts  equalling  that 
of  uranium  cause  increased  results,  whereas  molyb- 
denum decreases  them.  The  reaction  with  thiocy- 
anates is  successfully  used  for  uranium  ore  analysis 
only  in  combination  with  purification  by  extraction. 
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Figure  3.  The  dependence  of  the  absorbance  of  uranium  and 
sulphosalycilic  acid  solutions  on  uranium  concentration  (7/25  ml) 
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Figure  4.  The  dependence  on  pH  of  the  absorbance  of  uranium 
and   sulphosalycilic  acid   solution 


Soviet  investigators  have  suggested  new  reagents 
for  uranium  determinations,  the  most  sensitive  of 
all  known.  For  instance,  the  reagent  "arsenazo" 
( pheny  1-2-ar  son  i  c-acid-  <  1  -azo-2  >  - 1 ,8  dioxy  naph- 
thalene-3,6-disulphonic  acid)  suggested  by  Kuz- 
netsov  is  of  high  sensibility  (at  dilutions  up  to 
1 :107)  ;  it  produces  a  blue  coloration  with  uranyl- 
ions  in  the  pH  range  4.5-6.0.  Optimal  pH  is  4.5-4.9. 
The  solution  is  neutralized  by  "urotropin",  using  con- 
go-rcd  paper  as  an  indicator.  Excess  reagent  should  be 
avoided,  since  it  produces  a  mixed  violet  colour,  not 
specific  for  uranium.  Copper,  thorium,  vanadium, 
aluminium,  rare  earths  and  some  other  elements 
form  coloured  compounds  with  "arsenazo." 

The  reagent  "toron"  (phenyl-2-ar sonic  acid-<l- 
azo-l>-2  oxynaphthalene-3,6-disulphonic  acid),  also 
suggested  by  Kuznetsov,  produces  in  hydrochloric 
acid  solutions  an  extremely  sensitive  colour  reaction 
(rose  colour)  with  quadrivalent  uranium.  Nikolayev 
and  Sorokina  reduced  U(VI)  to  U(IV)  with  iodides 
and  the  free  iodine  was  removed  by  bubbling  nitrogen 
through  the  solution.  This  reagent  permits  the  de- 
termination of  as  little  as  10~8  gm  of  U/ml.  The 
most  suitable  range  of  concentrations  for  colorimetric 
measurement?  is  1  X  10-7-2  X  10~6  gm/f  1.  The  fol- 
lowing do  not  interfere :  U(  VI)  in  relation  to  U(IV) 
up  to  1000:1;  V(III)— up  to  16:1;  Cr (III)— 6:1; 
Fe(III)— 200:1;  Th— 10:1;  Al,  Fe(II),  Zn,  Ce 
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Figure  5.  Dependence  of  the  ctbsorbcmce  of  sodium 

diethyldithiocarbamate  solutions  on  the  uranium 

concentration  (7/25  ml) 

(III),  La(III),  Be,  Ca  do  not  interfere  at  all.  SCV5, 
NO3~",  F",  phosphates,  oxalates  and  organic  sub- 
stances do  interfere  and  must  be  completely  removed. 

VOLUMETRIC  METHOD  FOR  THE  DETERMINATION 
OF  SMALL  AMOUNTS  OF  URANIUM 

The  investigations  of  Soviet  scientists  (Syrokom- 
sky8)  have  shown  that  in  sulphuric  acid  solutions  the 
potential  of  the  system  V(V)/V(IV)  increases 
sharply  with  increasing  acid  concentration  and  in 
27N  H2SO4  solution  attains  +  1.45  volt.  On  this 
basis  a  new  field  of  redox  volumetric  analysis  —  vana- 
datometric  analysis — was  developed. 

A  standard  solution  of  ammonium  vanadate  is  pre- 
pared by  dissolving  a  weighed  quantity  of  the  pure 
salt  in  250  ml  of  sulphuric  acid  solution  (1:1)  and 
diluting  it  to  1  liter.  For  the  determination  of  small 
quantities  of  uranium,  the  titre  is  checked  by  a 
standard  solution  of  uranyl  sulphate  (prepared  from 
pure  metal  or  UgOg),  previously  reduced  with  cad- 
mium or  bismuth  in  a  reductor.  The  use  of  phenyl- 
anthranilic  acid,  as  an  indicator,  allows  the  titration 
to  be  carried  out  accurately  in  sulphuric  acid  solution 
(1 :2)  on  as  little  as  0.1  mg  of  quadrivalent  uranium 
(Alimarin).  The  quite  distinct  colour  changes  in  a 
volume  of  15-20  ml  are  observed  even  if  making  use 
of  very  diluted  solutions  of  ammonium  vanadate  (up 
to  0.0004N)  and  1-2  drops  of  the  0.2%  indicator 
solution  (Volkov). 

Ammonium  vanadate  can  be  successfully  used  for 
determination  of  quadrivalent  uranium  in  the  pres- 
ence of  quadrivalent  vanadium ;  it  was  shown  that  in 
the  bismuth  reductor,  uranium  and  vanadium  were 
reduced  in  5N  sulphuric  acid  medium  only  to  the 
quadrivalent  state  (Paley,  Skljarenko). 

The  potential  of  metal  bismuth  in  sulphuric  acid 
solutions,  as  measured  by  Gusev  and  ourselves,  is 
equal  to:  in  0.5M  H2SO4  = +0.218;  in  1M  = 
+0.208;  in  2.5M  = +0.180;  in  5M  = +0.166  volt 
vs  normal  hydrogen  electrode,  that  means  it  de- 
creases with  increasing  acidity.  Since  the  potential 
of  the  system  U(VI)/U(IV)  increases  under  the 
same  conditions,  the  reduction  of  uranium  by  bismuth 
occurs  more  rapidly  in  more  acidic  solution. 

The  oxidation  of  quadrivalent  uranium  by  air  is 
shown  to  be  accelerated  in  light,  especially  in  sun- 
light or  ultraviolet  light. 


The  catalytic  effect  of  molybdenum  and  copper 
under  these  conditions  is  proved  to  be  even  greater. 
Thus,  in  30  min  in  scattered  daylight,  solutions  of  5 
mg  of  quadrivalent  uranium  sulphate  in  6N  sulphuric 
acid  were  oxidized  by  0.8%  on  illuminating  with  a 
quartz  lamp  LUM-1  by  32.2%.  With  decreasing 
sulphuric  acid  concentration  (4,  2,  IN),  the  oxidation 
rate  increases  some  tenfold.  In  the  presence  of 
hexavalent  uranium  the  oxidation  is  accelerated; 
Thus  at  a  ratio  U(VI)  :U(IV)  =  1:1,  with  air  bub- 
bling through  the  solution  (10  mg  U  in  50  ml)  for  3 
hours,  at  a  rate  of  2  liters  per  hour,  the  oxidation 
was:  in  the  dark — 0.5%;  in  scattered  daylight  at 
a  3-meters  distance  from  a  window — 11%;  on  the 
window-sill — 33%  ;  in  the  sunlight — 60%. 

The  presence  of  divalent  iron  (1%  of  uranium) 
causes  a  delay  in  the  oxidation.  The  presence  even 
of  a  small  quantity  of  molybdenum  (0.1%  of  ura- 
nium) caused  the  oxidation  of  5%  of  the  uranium 
in  the  sunlight  within  5  minutes  without  air  blowing 
through  the  solution.  Copper  in  quantities  of  0.01% 
of  uranium  accelerates  the  oxidation  twofold  (Paley- 
Rengarten). 

METHODS  OF  SEPARATION  FROM  ASSOCIATED 
ELEMENTS 

The  methods  of  separation  of  uranium  from  iron, 
calcium  and  many  other  elements  by  treatment  with 
sodium  carbonate  solution  was  the  most  widely  used 
for  a  long  time.  In  the  presence  of  large  amounts  of 
calcium,  uranium  is  retained  by  the  precipitate  and 
thus  calcium  should  be  removed  beforehand  by  means 
of  precipitation  with  ammonium  hydroxide.  In  this 
case  copper,  nickel  and  some  molybdenum  were  also 
removed.  The  separation  from  vanadium  was  usually 
achieved  by  the  precipitation  of  uranyl-ion  as  phos- 
phate. For  ores  rich  in  vanadium  reprecipitation  of 
phosphate  is  required.  Although  these  classic  methods 
of  separation  allow  complete  analyses  to  be  made 
both  by  colorimetric  and  volumetric  methods,  they 
are  time  and  labour-consuming. 
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Figure  6.  Dependence  of  the  absorbcmce  of  sodium 

dlethyldithiocarbomate   solutions  on   the   uranium 

concentration  (7/25  ml) 
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Later,  these  methods  were  considerably  improved  : 
precipitation  by  ammonium  hydroxide  was  replaced 
by  pyricline  precipitation  (Ostroumov)  which  re- 
duces the  uranium  losses  caused  by  the  absorption 
of  carbon  dioxide  from  the  air;  the  reduction  of 
vanadium  to  the  quadrivalent  state  by  tartaric  acid 
allowed  uranium  to  be  separated  from  large  quanti- 
ties of  vanadium  by  a  single  phosphate  precipitation ; 
for  ores  rich  in  vanadium,  instead  of  carbonate  puri- 
fication it  was  proposed  to  isolate  uranium  from 
acetic  acid  solutions  as  calcium  uranovanadate,  with 
an  excess  of  the  calcium  salt  and  followed  by  subse- 
quent precipitation  of  uranyl  phosphate  to  separate 
it  from  vanadium  (Nenadkevich). 

In  the  presence  of  "trilon  B"  uranium(VI)  may 
be  precipitated  by  ammonium  hydroxide,  whilst  the 
soluble  complexes  of  iron,  vanadium  (IV),  chromium, 
molybdenum,  tungsten  etc.,  described  by  Pribil,5 
remain  in  the  solution.  Vanadium(V)  does  not  form 
a  soluble  complex  with  "trilon  B",  but  is  easily  re- 
duced to  the  quadrivalent  state  by  heating.  For  small 
uranium  contents  (less  than  0.5%)  this  method  is  un- 
suitable, since  excess  trilon  B  increases  the  solubility 
of  ammonium  diuranate,  and  the  absorption  of  impur- 
ities by  the  precipitate  calls  for  reprecipitation.  The 
precipitate,  after  dissolving  in  5N  sulphuric  acid, 
may  be  reduced  in  a  bismuth  or  cadmium  redactor 
and  the  uranium (IV)  can  be  titrated  with  vanadate. 
For  instance,  for  the  standard  ore  No.  8,  with  a 
uranium  content  of  0.563%,  it  was  found:  0.55% 
and  0.56%  after  reprecipitation,  and  0.63%  without 
reprecipitation  (Paley,  Poznyakov). 

Among  new  methods  developed  in  the  USSR  in 
recent  years,  are  methods  which  are  based  on  the 
ability  of  quadrivalent  uranium  to  form  compounds 
insoluble  in  mineral  acids.  This  allows  uranium  to 
be  separated  from  many  impurities  by  a  single  pre- 
cipitation. Tn  some  cases  such  precipitates  can  be 
directly  used  for  volumetric  determination. 

Thus  phosphates  precipitate  uraniutn(IV)  from 
dilute  solutions  of  hydrochloric  or  perchloric  acids. 
Under  these  conditions  the  smallest  quantities  of 
uranium  (~  1  y)  may  be  quantitatively  co-precipi- 
tated with  thorium  or  zirconium  phosphates,  and  thus 
be  separated  from  iron,  manganese,  vanadium  and 
most  of  the  other  elements  (Volkov).  The  reduction 
of  uranium  to  the  quadrivalent  state  is  produced  with 
sodium  hyposulphite  or  bivalent  chromium  (see 
below). 

Uranium  tetrafluoride  is  precipitated  from  ura- 
nium solutions,  previously  reduced  with  zinc  and 
containing  minimal  amounts  of  mineral  acids,  by 
hydrofluoric  acid ;  in  this  way  zirconium  and  tantalum 
are  completely  removed.  The  precipitates  are  isolated 
by  centrifugation,  because  they  are  difficult  to  filter. 

The  isolation  of  double  fluorides,  for  instance 
NaUF5,  is  more  profitable  because  of  their  low 
solubility  in  strong  acids  (even  in  IN  sulphuric  acid). 

Under  these  conditions  (IN  H2SO4)  the  fluorides 
of  molybdenum,  titanium,  nickel,  cobalt,  manganese, 


copper,  iron(II)  and  even  of  trivalent  vanadium  do 
not  precipitate.  Aluminium  precipitates  completely 
as  NaaAlFfl.  Iron  (III)  precipitates  in  part.  The 
precipitate,  after  washing  with  a  solution  of  hydro- 
fluoric acid  and  sodium  fluoride,  may  be  titrated 
directly  with  vanadate  in  a  sulphuric  acid  medium 
(1:2). 

The  reduction  of  uranium  (VI)  in  the  presence  of 
fluorides  can  be  made  with  bivalent  iron,  since  the 
formation  of  stable  complexes  of  FeFe3'  and  UF.-f 
displaces  the  potentials  of  the  systems  UCVVU4"*" 
and  Fe3VFe-+  in  opposite  directions  (Table  1).  Tn 
3/17  IIP,  the  real  potential  of  the  system  Fe3+/Fe2+ 
proved  to  be  220  niv  more  negative,  ensuring  the 
complete  reduction  of  uranium. 

Table  I.     The    "Real    Potentials"0    of    the    Systems 

Fe-'VFe15*,  UO22YU4+  and  VO2YVa'   in  IN  Sulphuric 

Acid  at  Different  Concentrations  of  HF  (vs  Normal 

Hydrogen  Electrode) 


///•'  mol  'I 


volt 


volt 


volt 


0.0 

0.67 

0.48 

0.40 

1,0 

0.49 

0.58 

0.48 

2.0 

0.44 

0.60 

0.53 

3.0 

0.40 

0.62 

0.55 

4.0 

0.40 

0.63 

0.57 

To  determine  the  uranium  in  low-grade  ores 
(1.0-0.00%)  co-precipitation  with  carrier  (calcium) 
is  employed.  The  precipitate  is  treated  with  nitric 
acid  and  a  little  boric  acid,  uranium  is  brought  into 
solution  with  sodium  carbonate  and  determined  by 
the  peroxide  method  ( Zvenigorodskaya,  Ruclina, 
Ryanitseva ) . 

The  separation  of  some  contaminants  (Fe,  Ti,  V, 
Ta,  Nb,  Zr,  Sn,  Sb,  etc.)  from  U<VI>  by  cupferron 
precipitation  from  sulphuric  acid  solutions  with  sub- 
sequent reduction  of  uranium  to  the  quadrivalent 
state  and  its  reprecipitation  with  the  same  cupferron 
has  been  suggested  by  Holliday  and  Cunningham.7 

However,  the  destruction  of  cupferron  with  H^SC^ 
+  HNOa  mixture,  before  reduction  made  this 
method  time-consuming.  For  that  reason  a  new,  more 
simple  variant  was  worked  out,  which  was  based 
upon  the  separation  of  copper,  molybdenum,  lead 
and  bismuth  with  thiosulphate  and  the  use  of  sodium 
hyposulphite  as  a  reducing  agent.  The  separation  of 
Fe,  V  and  other  elements  by  cupferron  is  made  in 
10%  H2SO4  medium,  and  the  isolation  of  uran- 
ium (IV)  in  a  5%  H2SO4  medium.  This  method 
requires  5  hours  and  gives  results  of  high  accuracy, 
if  it  is  completed  gravimetrically  (±0.3%).  But, 
if  the  content  of  uranium  is  less  than  5%,  the  ac- 
curacy is  lower  and  it  is  more  advisable  to  use 
extraction  methods  ( Elinson  and  Oleznyuk ) . 

The  other  method  consists  in  the  following:  after 
reducing  uranium  and  separating  it  from  some  of 
the  contaminants  on  a  mercury  cathode  (anode  is 
separated  by  a  diaphragm)  in  a  sulphuric  acid 
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medium,  quadrivalent  uranium  is  quantitatively  pre- 
cipitated as  the  sulphate  by  addition  of  2  volumes  of 
72.%  perchloric  acid.  The  precipitate  is  easily  filtered 
and,  after  washing  with  47%  perchloric  acid,  can  be 
very  accurately  titrated  with  potassium  perman- 
ganate. The  method  is  applicable  to  amounts  of  U 
of  10  mg  and  more  (Ponomarev,  Dragomirova). 

Extraction  methods  of  separation  of  uranium  are 
used  from  the  very  beginning,  as  the  most  effective 
for  accurate  analyses.  They  have  been  very  much 
improved  (Vinogradov). 

As  solvents  for  uranyl  nitrate  extraction  besides 
ether,  methyl-ethyl  ketone  (distribution  coefficient 
~  25  at  60%  NH4NO3  and  IN  HNO3)  and  an 
incombustible  mixture  of  methyl-ethyl  ketone  with 
carbon  tetrachloride  (1:2)  (Kusnetzov)  and  tri- 
butyl  phosphate  are  used. 

It  was  found,  that  anions  such  as  1;~,  SCV", 
VO»",  MoO42-,  PO4S"  even  in  small  quantities, 
interfere  with  the  extraction  of  uranyl  nitrate;  this 
effect  may  be  eliminated  by  the  addition  of  aluminium 
or  trivalent  iron  (up  to  1-2M),  suggested  by  Scott8 
as  salting-out  reagents.  Small  quantities  of  iron  and 
aluminium  (0.5-1.5  mg),  which  have  passed  into  the 
organic  layer,  are  removed  for  precise  measurements 
by  a  second  extraction  from  ammonium  nitrate  med- 
ium (Palcy,  Dobkina).  Double  extraction  may  be 
partly  replaced  by  the  re-extraction  of  iron  and  other 
elements  in  an  apparatus  (Fig.  7)  in  which  ether 
passes  first  through  the  solution  to  be  investigated, 
containing  iron  or  aluminium  nitrates,  and  then 
through  the  washing  solution  of  ammonium  nitrate 
(Michaylov). 

The  uranium  may  be  very  easily  extracted  with 
mcthyl-ethyl-ketone  in  the  presence  of  ammonium 
thiocyanate.  The  coefficient  of  distribution  between 
the  ketone  and  the  solution  containing  6Qr'(  NTH4NO3 
and  3%  NH4CNS,  is  2000.  Under  these  conditions 
iron  is  also  extracted.  Instead  of  methyl-ethyl-ketone, 
amylacetate,  amyl  alcohol  and  other  oxygen-contain- 
ing solvents  may  be  used  (Kuznetsov). 

Uranium  is  extracted  from  tartaric  and  acetate 
buffer  solutions  (pH  3.7-7.0)  by  a  0.1  A/  solution  of 
8-oxyquinoline  in  chloroform ;  uranium  can  be  easily 
re-extracted  from  this  solution  by  a  3%  solution  of 
ammonium  carbonate,  the  complete  separation  of 
copper  and  other  elements  also  occurring  (Paley, 
Mirkina). 

Extraction  of  uranium  as  the  diethyldithiocar- 
bamate  can  be  applied  to  the  separation  from  ele- 
ments which  are  not  precipitated  with  hydrogen  sul- 
phide. Among  a  number  of  proposed  solvents  chloro- 
form is  the  most  suitable,  since  extraction  with  light 
solvents  in  separating  funnels  lead  to  losses.  For 
the  chloroform  extraction,  adjusting  the  pH  to  the 
range  of  6.6-6.8  is  necessary.  Uranium  is  extracted 
from  the  chloroform  into  the  aqueous  layer  with  am- 
monium carbonate,  because  of  the  decomposition  of 
uranium  diethyldithiocarbamate  by  the  latter.  By 
this  means  uranium  is  separated  from  iron,  copper 
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Figure  7.  Extractor 

and  other  elements  remaining  in  the  chloroform 
(Tsernichov  and  Dobkina).  The  number  of  elements 
extracted  into  chloroform,  as  diethyldithiocarbamates, 
may  be  greatly  reduced  by  converting  them  into 
complex  compounds  with  trilon  B  (see  below). 

In  certain  cases  it  is  more  convenient  to  extract 
not  the  uranium,  but  the  impurities,  which  interfere 
with  the  volumetric  estimation.  A  mixture  amyl 
acetate  with  toluene  (1:1)  has  been  found  (Kuz- 
netsov) to  extract  completely  vanadium (V)  and 
iron  (TTI)  out  of  solutions  containing  8.5  moles  of 
sulphuric  acid  and  1.4  moles  of  hydrochloric  acid  per 
liter.  For  the  vanadium (V),  the  coefficient  of  dis- 
tribution is  ~  23,  and  for  uranium(VI),  8000-fold 
less.  To  oxidize  vanadium  to  V(  V)  potassium  chlor- 
ate is  added ;  W,  Cr,  and  Sn  are  extracted  simultan- 
eously. The  aqueous  solution  is  evaporated  to  dryness 
and  the  residue  is  gently  ignited.  After  dissolving  it 
in  sulphuric  acid  and  reducing,  U(IV)  is  titrated  with 
vanadate. 

NEW  METHODS  OF  DETERMINATION  OF  URANIUM 
IN  ORES 

Phosphate  Method 

The  principle  of  the  method  is  the  reduction  of 
uranium  (VI)  with  sodium  hyposulphite,  co-precipita- 
tion of  uranium  (IV)  phosphate  with  thorium  phos- 
phate from  acid  solution,  dissolution  in  sulphuric  acid 
and  titration  with  ammonium  vanadate  (Volkov). 
Phosphates  were  shown  to  precipitate  quadrivalent 
uranium  in  moderately  acid  solutions  [H+]  =  0.35AT 


230 


VOL.  VIM         P/629         USSR         P.  N.  PALEY 


as  U(HPO4)2'ttH2O;  the  composition  of  the  pre- 
cipitate not  depending  upon  the  concentration  of 
phosphate  in  the  range  from  1  X  ICHM  to  I  AM.  The 
residual  concentration  of  uranium  (measured  by  a 
counting  of  U233),  at  a  constant  concentration  of 
hydrogen  ions  [H+]  =  0.35M ,  decreases  with  in- 
creasing phosphate  concentration;  at  a  phosphate 
concentration  of  2.4  X  10"2M,  the  residual  concen- 
tration of  uranium  passes  through  a  minimum  at 
2.4  X  10~6M  and  increases  on  further  increasing 
the  phosphate  concentration. 

The  effect  of  acidity  on  the  phosphate  solubility 
is  given  in  Table  II  (Moiseyev). 

Since  the  solubility  of  the  phosphates  of  most  of 
the  elements  associated  with  uranium  is  many  times 
higher  in  acid  media  than  that  of  uranium,  urani- 
um (IV)  may  be  separated  from  them  by  a  single 
precipitation.  Under  these  conditions  co-precipitation 
of  thorium,  zirconium  and  some  titanium  do  not 
interfere  with  the  subsequent  oxidometric  determina- 
tion of  uranium. 

For  reduction  of  uranium  to  the  quadrivalent  state, 
either  sodium  hyposulphite  (Na2S2O4),  already  pro- 
posed by  Kohlschutter  and  Rossi,9  or  "rongalite" 
Na2H2S2O4  •  2CH2O  •  4  HaO— formaldehydosul- 
phoxilate  of  sodium)  is  used. 

The  reduction  with  "rongalite"  is  carried  out  on 
heating  to  80-90°  (Moiseyev).  The  quantity  of  hypo- 
sulphite, which  is  chiefly  spent  on  reduction  of  uran- 
ium and  iron,  is  1  gm  per  1  gm  of  sample. 

On  reduction  with  hyposulphite,  free  sulphur  and 
sulphides  of  metals  of  the  hydrogen  sulphide  group 
are  precipitated;  when  the  phosphate  precipitate  is 
dissolved  in  sulphuric  acid,  they  remain  on  the  filter. 

The  reduction  and  precipitation  of  uranium  is 
suitable  for  use  in  hydrochloric  or  perchloric  acids 
solutions ;  sulphuric  acid  retards  the  precipitation  of 
uranium  phosphate.  Large  amounts  of  sulphates 
cause  incomplete  precipitation  of  uranium  phosphate. 
Nitric  acid  interferes  with  reduction. 

In  the  presence  of  large  amounts  of  fluorides,  ura- 
nium phosphate  does  not  precipitate.  Even  small 
amounts  cause  considerable  losses.  That  is  why  it 
should  be  carefully  removed  after  decomposition  of 
ores  with  hydrofluoric  acid. 

Aluminium  and  chromium  in  large  concentrations 
(greater  than  0.2  gm  per  100  ml)  cause  incomplete 
precipitation;  in  such  cases  the  solution  should  be 
diluted. 

Large  quantities  of  lead  are  precipitated  from  cold 
solutions  as  white  hyposulphite,  which,  while  uranium 
phosphate  is  being  dissolved  in  sulphuric  acid,  is  de- 


composed with  formation  of  sulphurous  acid  and  thus 
gives  high  titration  results.  On  heating,  lead  precipi- 
tates as  the  black  sulphide,  which  is  less  soluble  in 
sulphuric  acid.  In  analysis  of  sulphide  ores  it  is  more 
suitable,  before  addition  of  the  hyposulphite,  to  pre- 
cipitate metals  of  the  sulphide  group  with  hydrogen 
sulphide  or  sodium  thiosulphate  on  heating  and  to 
separate  them. 

In  the  most  precise  analyses  the  sulphide  residue  is 
ignited,  dissolved  in  perchloric  acid  and  the  metals 
are  removed  with  aid  of  a  Hg-cathode.  The  solution, 
containing  uranium  retained  by  the  sulphides,  is 
added  to  the  main  solution. 

In  the  analysis  of  low-grade  ores  or  residues,  it  is 
necessary  for  complete  isolation  of  uranium  to  add 
a  co-precipitant — thorium  or  zirconium  chlorides. 
The  latter  is  less  suitable,  because  of  the  slower 
coagulation  of  the  precipitate  and  the  difficult  sol- 
ubility in  sulphuric  acid. 

Procedure  (Volkov) 

The  acidic  solution  obtained  after  decomposition 
of  an  ore  by  a  method  suitable  for  its  rnineralogical 
composition,  and  removal  of  the  insoluble  residue,  is 
neutralized  with  ammonium  hydroxide  with  Metanil 
Yellow,  as  indicator  (pH  2.3)  ;  8  ml  of  hydrochloric 
acid  (1 :1)  is  added  and  the  solution  is  diluted  to  200 
ml.  10  ml  of  a  10%  solution  of  disodium  phosphate ; 
solid  sodium  hydrosulphite  (1  gm  per  1  gm  of  the 
sample,  but  no  less  than  0.5  gm)  ;  4—5  ml  of  thorium 
chloride  solution  (containing  5  mg  of  Th  per  ml)  and 
some  filter  paper  pulp  are  added  to  the  cold  solution. 
The  solution  is  then  allowed  to  stand,  stirred  from 
time  to  time  until  complete  coagulation  of  the  precipi- 
tate and  clearing  of  the  solution  takes  place  (about 
40-60  minutes).  The  solution,  with  the  precipitate, 
may  be  left  overnight. 

The  solution  is  filtered  by  suction,  using  a  thick 
filter  "blue  band".  The  precipitate  on  the  filter,  and 
the  beaker  with  particles  of  the  precipitate  stuck 
to  it,  are  washed  with  diluted  hydrochloric  acid  (2  ml 
of  concentrated  HC1  per  liter)  until  complete  re- 
moval of  the  products  of  hyposulphite  decomposition. 

The  precipitate  is  dissolved  on  the  filter  with  sul- 
phuric acid  ( 1 :2) .  The  filter  and  the  beaker  are  washed 
with  an  acid  solution  of  the  same  concentration.  The 
solution  (the  volume  of  which  is  less  than  30  ml)  is 
collected  in  a  conical  flask,  one  drop  of  the  indicator 
(0.2%  phenylanthranilic  acid  solution  in  0.2%  solu- 
tion of  sodium  carbonate)  is  added,  and  the  solution 
is  titrated  immediately  with  a  solution  of  ammonium 
vanaclate  of  suitable  concentration  ( from  0.01  to 
0.0005JV). 


Table  II.     The  Solubility  of  Quadrivalent  Uranium   Phosphate  at  20°C 


1.8 


1.3 


0.7 


0.45 


O.S 


1NHCI 


Solubility 
in  moles/ 
litre         2.1XKT7 


2.1XKT8       4X1<T6       2.6X10"5      6.4Xl<r«      1.6X1Q-*      6.1  XHT* 
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Table  III.  Ore  Analysis  by  the  Phosphate  Method 


Sample  no. 


Content  of  U  according  the       U,  found  with  the  phos- 
certificate,  %  phate  method,  % 


2 

0.0802 

0.80    db  0.002 

3 

0.530 

0.523  d=  0.003 

5 

0.218 

0.219  ±  0.001 

6 

0.126 

0.123  ±  0.002 

7 

0.059 

0.061  ±  0.002 

9 

0.070 

0.069  ±  0.001 

10 

0.108 

0.107  =fc  0.001 

For  low-grade  materials  (less  than  0.01%  of  U), 
where  larger  samples  (up  to  5  gm)  are  required, 
complete  washing  of  the  phosphate  and  sulphur  pre- 
cipitates becomes  difficult.  In  these  cases  a  double  pre- 
cipitation is  recommended.  The  once-washed  precipi- 
tate is  dissolved  in  hydrochloric  acid  (1:2);  the 
filter  is  washed  with  the  same  acid.  The  solution  is 
neutralized  with  ammonium  hydroxide;  acidified 
with  6  ml  of  hydrochloric  acid  solution  (1:1)  and 
diluted  to  200  ml.  Precipitation  is  repeated  with  re- 
duced quantities  of  reagents  added  (5  ml  Na2HPO4 ; 
0.2  gm  Na2S2O2;  2  ml  ThCl2).  The  determination 
is  carried  out  as  described  above. 

In  Table  III  the  results  of  determinations  of  uran- 
ium in  standard  ore  samples  made  with  the  phos- 
phate method  (average  of  10  parallel  determinations) 
are  given. 

For  poorer  materials  the  volumetric  determination 
is  replaced  by  a  colorimetric  ore  (Ponomarev).  In 
this  case  the  phosphate  precipitate  is  dissolved  in  a 
minimum  quantity  of  15%  sulphuric  acid.  One  ml  of 
trivalent  iron  solution  (0.1  mg  of  Fe  per  ml)  is 
added  and  the  solution  is  neutralized  with  sodium 
carbonate  until  faintly  acid.  After  adding  0.5  ml  of 
a  0.5%  solution  of  a-a'-dipyridyl  and  stirring,  5  ml  of 
of  a  5%  solution  of  borax  is  added.  The  solution  is 
diluted  to  the  correct  volume  and  after  half  an  hour 
the  colour  of  the  bivalent  iron  compound  with  di- 
pyridyl  is  measured  with  a  photometer.  The  results 
of  the  determination  of  uranium  by  this  method  are 
given  in  Table  IV. 

The  other  variant   of  the   phosphate   method   is 
based   on  the   reduction  of  uranium  with  bivalent 
chromium.  The  presence  of  large  amounts  of  triva- 
lent iron  results  in  a  high  concentration  of  trivalent 
chromium  and  the  precipitation  of  uranium  is  re- 
Table  IV.  Ore  Analysis  by  the  Phosphate 
(Colorimetric)  Method 


U.  found  % 

Sample  no. 

Vanadate 
titration 

Colorimetric 
method 

The  weight  of  sample 
for  the  colorimetric 
determination 

1 

0.084 

0.084    =fc  0.002 

0.1 

11 

0.049 

0.049    ±0.002 

0.2 

13 

0.012 

0.013    ±0.001 

0.3 

14 

0.0092 

0.0092  db  0.003 

1.0 

tarded.  To  avoid  this,  chromium  is  converted  into  a 
complex  compound  with  thiocyanide  or  the  consump- 
tion of  bivalent  chromium  is  decreased  by  previous 
reduction  of  trivalent  iron  with  ascorbic  acid. 

Procedure  (Tsernichov,  Lukhyanov) 

To  the  clear  solution  (200  ml),  containing  3  ml 
of  cone,  hydrochloric  acid,  the  following  are  added  in 
succession:  10-15  ml  of  10%  solution  of  Na2HPO4  • 
12H2O;  0.5-15  gm  of  solid  ammonium  thiocyanate 
taking  2.5  gm  of  the  latter  per  0.1  gm  of  iron,  0.5 N 
solution  of  chromous  chloride  till  disappearance  of 
the  red  coloration  of  the  solution  with  iron  thiocy- 
anate and  then  an  excess  of  3  ml;  4-5  ml  of  the 
thorium  chloride  solution,  containing  5  mg  of  salt 
per  ml  and  finally  some  filter  paper  pulp. 

The  subsequent  operations  are  the  same  as  in  the 
method  already  described. 

The  results  of  uranium  determinations  with  this 
method  are  given  in  Table  V. 

For  the  determination  of  normal  concentrations  of 
uranium  in  rocks  (n  X  IQ~4%),  zirconium  is  used 
instead  of  thorium,  as  co-precipitant.  The  washed  and 
ignited  precipitate  is  fused  with  sodium  fluoride  and 
the  uranium  is  determined  by  the  fluorescent  method 
(Volkov,  Razzhivina). 

Diethyldithiocarbamate-Trilon  Method 

The  principle  of  the  method  is  based  on  the  con- 
version of  the  most  strongly  associated  elements  into 
soluble  complex  compounds  with  trilon  B,  extraction 
of  uranium  diethyldithiocarbamate  out  of  a  neutral 
solution  into  chloroform,  the  re-extraction  of  uranium 
into  an  aqueous  solution  of  ammonium  carbonate. 
The  determination  of  uranium  is  completed  using 
micro vanadatometric,  colorimetric  (making  use  of 
diethyldithiocarbamate)  and  fluorescent  methods 
(Paley,  Udaltsova). 

Among  the  elements  which  react  with  diethyldi- 
thiocarbamate in  neutral  media  and  which  can  be 
extracted  in  its  presence  with  chloroform,  very  many 
form  much  more  stable  complex  with  trilon  B,  name- 
ly iron,  nickel,  cobalt,  indium,  gallium,  zinc,  lead, 
vanadium,  columbium  and  tin ;  in  the  presence  of 
trilon  B  they  are  not  extracted  with  chloroform. 
Only  Be,  Ti,  Sb  and  to  some  extent  Mn  do  not 
react  with  trilon  B  and  may  be  precipitated  on 
neutralization.  Uranium,  in  the  presence  of  trilon 
B,  is  precipitated  only  at  pH  8.5 ;  this  indicates  the 

Table  V.  Ore  Analysis  by  Chromo-Phosphate 
Method 


Sample  no. 

U  content  according  to 
certificate,  % 

U,  found  with  chromo- 
phos  phate  variant 

9 
7 
4 
IS 
12 

0.070 
0.059 
0.072 
0.237 
0.042 

0.071  ±  0.002 
0.059  db  0.002 
0.070  ±  0.001 
0.239  ±  0.001 
0.041  d=  0.002 
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formation  of  an  unstable  complex.  Thus,  acid  solu- 
tions obtained  after  the  dissolution  of  ores,  may 
be  neutralized  in  the  presence  of  trilon  K  to  the  pH 
range  of  6.6-7.0  without  setting  down  large  pre- 
cipitates. 

Besides  uranium  and  copper,  silver,  bismuth, 
mercury,  thallium,  arsenic,  selenium  and  tellurium 
are  extracted  from  these  solutions  with  chloroform 
as  the  diethyldithiocarbamates  (Bode10). 

On  washing  the  chloroform  extracts  with  ammo- 
nium carbonate,  uranyldiethyldithiocarbamate  is  de- 
composed and  uranium  passes  into  the  aqueous  layer, 
the  other  elements  remaining  in  the  chloroform 
(Tsernichov,  Dobkina). 

Other  solvents,  such  as  diethyl  ether,  amylacetate, 
and  isoamyl  alcohol,  may  be  used  for  extraction. 

Procedure  (Udaltsova) 

To  the  clear  solution  (50  ml),  obtained  after 
dissolution  of  an  ore  and  neutralisation  with  ammo- 
nium hydroxide  till  slight  turbidity  (pH  not  higher 
than  2.5-3),  solid  trilon  B  is  added  in  quantities  of 
5-8  gm  per  gm  of  a  sample.  ( For  ores  rich  in  iron 
the  quantity  of  trilon  should  be  increased  to  10  gm 
per  gm  of  sample.)  The  solution  is  adjusted  with 
ammonium  hydroxide  to  the  pli  range  6.6-7.0  with 
litmus  paper  and  transferred  into  a  separating  fun- 
nel; 5  ml  of  2c/c  aqueous  solution  of  sodium  di- 
ethyldithiocarbamate  is  added  and  the  solution  is 
shaken.  The  diethyldithiocarbamates  formed  are  ex- 
tracted into  chloroform  taking  5-7  ml  in  each  por- 
tion; the  extraction  is  continued  until  the  chloroform 
layer  is  colourless.  Usually  5-7  extractions  are 
required. 

The  chloroform  extracts  are  gathered  into  a  second 
separating  funnel,  2-3  ml  of  a  2%  solution  of 
ammonium  hydroxide  and  5-6  drops  of  a  saturated 
solution  of  ammonium  carbonate  are  added  and  the 
solution  is  vigorously  shaken  for  2-3  minutes.  The 
aqueous  layer,  containing  uranium,  is  transferred 
into  a  quartz  or  porcelain  dish,  evaporated  to  dryness 
and  the  residue  ignited  at  500-600°  for  30  minutes. 
The  residue  is  then  dissolved  in  nitric  acid,  converted 
to  the  sulphate  and  the  uranium  is  determined  by  the 
volumetric  method. 

For  polarographic,  colorimetric  or  fluorescence 
analysis  conversion  into  sulphates  is  not  necessary. 

The  results  of  the  determination  of  uranium  by 
this  method  (including  vanadatometric  methods) 
are  given  in  Table  VI. 

Table  VI.  Analysis  of  Uranium  Ores  by  the 
Trilon  B  Method 


Simple  no. 

U  according  to 
certificate,  % 

U  found.  % 

7 
5 
6 
16 
9 

0.059 
0.218 
0.126 
0.328 
0.070 

0.059  ±  0.003 
0.219  ±  0.003 
0.125  db  0.002 
0.327  db  0.001 
0.069  ±  0.004 

The  Thiocyanate  Method 

The  principle  of  the  method  is:  separation  of 
uranium  from  impurities  by  extraction  of  the  uranyl 
salt  into  methyl-ethyl  ketone,  with  subsequent  spec- 
trophotometric  determination  of  uranium  thiocya- 
nate  in  a  methylethylketone-acetone  mixture  (Sinya- 
kova,  Novikov). 

The  spectrophotometric  determination  of  uranium 
as  thiocyanate  in  aqueous-acetone  solutions  was 
investigated  earlier ;  in  this  medium  the  interference 
of  iron,  copper,  sulphates  and  fluorides  is  less  than 
in  aqueous  medium,  but  their  influence  still  affects 
the  results  of  the  determinations  even  when  they 
are  present  in  less  quantities  than  usually  found  in 
ores ;  thus  preliminary  separation  is  required. 

For  extraction  methylethylketone  is  used  with 
NH4NO3  as  a  salting-out  agent.  From  a  10  ml 
solution,  uranyl  nitrate  is  extracted  by  two  portions 
of  methylethylketone  of  2.5  ml  each.  On  separating 
the  organic  layer,  6  ml  of  acetone  are  added  to  it, 
saturated  with  NII4CNS  and  several  milligrams  of 
solid  ascorbic  acid,  to  reduce  traces  of  Fea+.  The 
solution  is  adjusted  with  methylethylketone  to  10 
ml.  The  absorbance  of  the  solution  at  375  and  400 
m/Li  is  measured  using  10  mm  cells.  A  mixture  of 
methylethylketone  with  6  ml  of  acetone,  saturated 
with  NH4CNS  and  containing  ascorbic  acid,  is  used 
as  a  blank.  As  can  be  seen  from  Fig.  8  Beer's 
law  is  followed  in  the  concentration  range  0.01-0.15 
ing  U/ml. 

The  absorbance  of  solutions  containing  different 
amounts  of  ammonium  thiocyanate  was  investigated 
and  it  was  found  that  with  decreasing  ammonium 
thiocyanate  concentration,  the  absorbance  decreased 
to  some  extent  (Fig.  9).  Thus,  it  is  advisable  to  use 
saturated  solutions  of  thiocyanate. 

The  dependance  of  the  absorbance  on  time  for 
the  wave  length  400  m/A  within  100  minutes  is  not 
notable ;  for  350  and  375  m/i  the  absorbance  within 
10  to  40  minutes  is  constant,  and  then  gradually 
increases.  Therefore  it  is  advisable  to  make  readings 
30  minutes  after  the  addition  of  thiocyanate. 

Small  amounts  of  impurities  which  may  be  ex- 
tracted together  with  uranium,  may  influence  the 
absorption.  By  special  investigations  it  was  found 
out  that  iron(  III)  is  extracted  in  considerable  quan- 
tity, but  the  addition  of  ascorbic  acid  completely 
eliminates  its  influence,  even  at  a  ratio  U  :Fe  of  1 :40, 
in  aqueous  solution  before  extraction.  The  same 
holds  for  copper  and  cobalt  at  a  ratio  1 : 100.  Vana- 
dium, titanium  and  bismuth  are  extracted  to  some 
extent  and  do  increase  the  absorbance  value  while 
molybdenum  decreases  it. 

To  eliminate  the  influence  of  molybdenum,  lactic 
acid  is  used.  One  ml  of  40%  lactic  acid  per  10  ml 
of  solution  (saturated  with  NH4NO3)  completely 
retains  5  mg  of  molybdenum  in  the  aqueous  layer 
and  does  not  interfere  with  the  extraction  and  deter- 
mination of  0.5  mg  of  uranium. 

The  extraction  of  vanadium  with  methylethyl- 
ketone may  be  eliminated  by  complexing  of  vanadate 
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Table  VII.  Ore  Analysis  with  Thiocyanate 


Content  of  U 

Sample  no.     found  with  ethtr 
method,  % 


U  found  with  thiocyanate 
method 


Variant  no. 


Content  of  ore 


375  m» 


400 


10 

0.108 

0.105 

'      1.108 

3 

Cu 

0.01%; 

Fe 

5%; 

Ti 

0.3  %; 

Mo, 

V-nil 

21 

0.87 

0.91 

0.87 

3 

Cu 

0.05%; 

Fc 

10% 

Ti 

1%; 

Mo, 

V-nil 

19 

0.288 

0.285 

0.285 

3 

« 

23 

0.325 

0.325 

0.330 

3 

26 

0.080 

0.090 

0.090 

3 

V  - 

0.8% 

24 

0.270 

0.270 

0.270 

4 

by  zirconium  salts.  But  the  simultaneous  use  of  zir- 
conium and  lactic  acid  is  impossible  because  of 
precipitate  formation. 

Procedure 

The  thiocyanate  method  may  be  used  in  a  number 
of  ways  in  determining  ores. 

Method  1  is  used  if  molybdenum,  vanadium,  tita- 
nium and  bismuth  are  absent  and  copper,  iron,  cobalt 
(and  other  ions,  not  reacting  with  thiocyanate)  are 
present.  The  method  consists  of  the  extraction  of 
uranyl  nitrate  into  methylethylketone  from  the  solu- 
tion saturated  with  NH4NOa,  with  subsequent 
formation  of  the  uranium  thiocyanate  complex  in  the 
ketone  layer  and  measurement  of  the  absorbance  of 
this  solution  after  adding  ascorbic  acid.  The  analysis 
takes  30  minutes.  The  accuracy  is  \-2%  relative. 

Method  2  is  applicable  in  the  presence  of  molyb- 
denum and  the  impurities  indicated  for  the  first  vari- 
ant and  differs  from  the  first  variant  only  by  the  addi- 
tion of  0.5  ml  of  40%  lactic  acid,  before  extraction. 

Method  3  is  applicable  in  the  presence  of  the  same 
impurities  (excepting  molybdenum)  and  it  differs 
from  the  first  by  the  addition  of  zirconium  nitrate 
(10  mg  Zr)  before  extraction. 

Method  4  is  used  in  the  presence  of  vanadium, 
molybdenum,  titanium,  bismuth,  iron,  copper  and 
cobalt  and  is  based  on  the  double  extraction  of  uran- 
ium into  methylethylketone.  After  the  first  extraction 
in  the  presence  of  lactic  acid,  uranium  is  re-extracted 
3  times  into  2%  ammonium  carbonate  solution.  The 


solution  is  evaporated  to  dryness.  The  residue  is 
ignited  in  a  muffle  furnace  and  dissolved  in  nitric 
acid. 

On  saturating  the  solution  with  ammonium  nitrate 
and  adding  zirconium  ni crate,  uranium  can  be  ex- 
tracted with  ketone.  After  addition  of  NH4CNS,  the 
absorbance  of  the  acetone  solution  is  measured. 
Ascorbic  acid  is  not  required  in  this  method.  The 
analysis  takes  3-4  hours.  Accuracy  is  2%  relative. 

The  data  obtained  by  the  thiocyanate  and  standard 
ether  methods  are  given  in  Table  VIII  (average  of 
10-12  determinations ) . 

The  method  with  thiocyanate  may  be  used  in 
industrial  control,  as  an  express-method. 
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The  Physical  Method  of  Determining  the  Content  of  Uranium, 
Radium  and  Thorium  in  Radioactive  Ores 

By  6.  R.  Golbek,  V.  V.  Matvejev  and  R.  S.  Shliapnikov,  USSR 


The  main  problem  in  exploring,  prospecting  for, 
and  milling  radioactive  minerals  is  to  determine  the 
uranium,  radium  and  thorium  content  in  ores  and 
rocks.  Several  physical,  chemical  and  radiochemical 
methods  are  used  for  this  purpose. 

Modern  physical  methods  for  determining  the 
content  of  radioactive  matter  in  ores  are  based  on 
registration  of  alpha,  beta  and  gamma  radiation. 

Although  physical  methods,  unlike  chemical  and 
radiochemical  (radiometric)  methods,  are  highly 
efficient  and  cheap,  they  cannot  be  substituted  for 
the  latter.  The  reason  for  this  is  that  existing  physi- 
cal methods  are  capable  of  determining  only  the 
uranium  content  j1-2*3  they  are  not  able  to  determine 
the  radium  and  thorium  content  except  in  a  few 
specific  cases. 

The  authors  of  this  paper  were  confronted  with 
the  problem  of  developing  a  general  physical  method 
capable  of  determining  with  sufficient  accuracy  the 
uranium,  radium  and  thorium  content  in  radioactive 
ores.  It  should  be  noted  that  this  paper  does  not 
concern  itself  with  prospects  of  using  specific  physi- 
cal methods  such  as  the  method  of  determining  the 
uranium  content  in  rocks  from  fission  products,  the 
method  of  determining  the  thorium  content  from  the 
range  of  alpha  particles,  etc. 

This  paper  deals  only  with  one  problem,  the  prob- 
lem of  developing  a  general  physical  method  for 
determining  the  uranium,  radium  and  thorium  con- 
tent in  radioactive  ores  and  rocks  based  on  registering 
gamma  and  beta  radiation  from  these  rocks. 

THE   FUNDAMENTAL   PRINCIPLES  OF  A   PHYSICAL 

METHOD  FOR  DETERMINING  SIMULTANEOUSLY  THE 

URANIUM,  RADIUM  AND  THORIUM  CONTENT 

IN  RADIOACTIVE  ORES 

Description  of  the  Method 

The  method  of  determining  simultaneously  the 
uranium,  radium  and  thorium  content  in  ores  and 
rocks  consists  of  the  following :  the  ore,  ground  into 
a  powder,  is  placed  in  a  cylindrical  aluminum  her- 
metically sealed  container  of  special  design.  This 
container  is  set  in  the  counting  chamber  of  an  ap- 
paratus that  is  to  be  used  for  simultaneously  meas- 
uring the  intensity  of  gamma  and  beta  radiation 
emitted  from  the  radioactive  ore  under  study. 
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The  intensity  of  the  total  gamma  radiation  and 
the  intensity  of  the  hard  gamma  radiation  having 
an  energy  greater  than  stipulated,  are  measured. 

In  the  second  measurement  of  gamma  radiation 
intensity,  energy  cut-off  is  introduced.  In  this  meas- 
urement the  gamma  radiation  from  the  decay  prod- 
ucts of  thorium  are  sharply  accentuated  because  of 
the  existence  in  their  gamma  ray  spectrum  of  an 
intense  line  with  an  energy  of  2.62  Mev. 

From  these  two  measurements  the  content  in  the 
ore  of  thorium  and  radium  (or  more  correctly,  of 
the  decay  products  of  radon)  is  determined. 

Measurement  of  the  beta  radiation  and  the  total 
gamma  radiation  intensity  allows  one  to  determine 
the  uranium  content  in  the  ore. 

In  the  apparatus  that  was  developed,  measure- 
ments of  the  gamma  radiation  intensity  as  well  as 
measurements  with  energy  discrimination  are  per- 
formed by  means  of  Geiger- Mueller  counters. 

For  registering  gamma  radiation,  the  apparatus 
contains  two  concentric  rings  of  glass  type  Geiger- 
Mueller  counters  connected  in  parallel.  The  con- 
tainer with  sample  is  placed  in  the  inner  space  of 
this  ring-shaped  counter. 

Energy  discrimination  of  the  gamma  quanta  is 
accomplished  by  means  of  a  coincidence  circuit. 
These  pulses  are  sent  out  from  both  rings  of  coun- 
ters. Registered  coincidence  corresponds  to  those 
cases  when  the  secondary  electrons,  created  by 
gamma  quanta  in  the  walls  of  the  counter,  pass 
through  the  counters  in  both  rings. 

The  energy  discrimination  level  of  gamma  quanta 
in  such  a  counter,  as  will  be  shown  below,  is  deter- 
mined by  the  wall  thickness  of  the  adjacent  counters. 

Intensity  measurement  of  beta  radiation  from  the 
sample  is  performed  by  means  of  a  thin  walled 
Geiger-Mueller  counter  located  within  the  sample 
container  and  set  along  the  axis  of  the  container  in 
such  a  manner  that  the  body  angle  of  beta  radiation 
registered  is  close  to  4?r. 

Choice  of  Method  of  Counting  the  Gamma 
Radiation 

It  should  be  noted  that  the  use  of  Geiger-Mueller 
counters  in  the  apparatus  as  detectors  of  gamma 
radiation,  at  first  glance,  seems  unjustifiable  con- 
sidering that  they  are  not  very  efficient  in  registering 
gamma  radiation. 
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In  fact,  scintillation  counters  are  widely  used  for 
registering  gamma  radiation  in  current  experimental 
studies. 

The  use  of  scintillation  counters  allows  one  to 
construct  an  apparatus  in  which  highly  efficient 
detection  of  the  gamma  radiation  is  coupled  with  a 
simple  system  of  energy  discrimination  of  gamma 
quanta. 

These  features  of  scintillation  apparatus  definitely 
correspond  to  the  character  of  the  problem  being 
solved.  Therefore,  in  principle,  it  seems  quite  ex- 
pedient to  use  scintillation  counters  in  apparatus 
determining  uranium,  radium  and  thorium  content 
in  radioactive  ores/'1 

However,  in  spite  of  these  advantages  of  scintilla- 
tion counters,  it  is  not  always  of  advantage  to  use 
them  in  practice  because  the  apparatus  using  Geiger- 
Mucller  counters  as  detectors  are  simpler  and  more 
reliable  than  corresponding  types  of  scintillation 
apparatus,  the  higher  efficiency  of  which  are  not 
always  necessary. 

As  was  mentioned  above,  the  uranium  content  of 
an  ore  is  determined  from  intensity  measurements  of 
the  gamma  and  beta  activity  in  the  sample.  There- 
fore, the  accuracy  with  which  the  uranium  content 
in  the  ore  is  determined  will  depend  upon  the  ac- 
curacy of  the  intensity  measurement  of  these  radia- 
tions. It  is  evident  that  those  measurements  having 
the  larger  permanent  errors  will  limit  the  accuracy. 

It  turns  out  that  when  simultaneously  measuring 
the  intensity  of  gamma  and  beta  radiation  emitted 
from  a  sample  of  radioactive  ore,  the  limiting  radia- 
tion, from  the  point  of  view  of  accuracy  of  measure- 
ment, is  the  beta  radiation.  Therefore,  any  increase 
in  the  efficiency  of  registering  gamma  radiation 
which  at  the  same  time  does  not  alter  the  registration 
of  beta  radiation  will  be  of  no  value,  because  the 
accuracy  of  determining  the  uranium  content  in  the 
ores  under  consideration  is  not  increased.  Conse- 
quently, the  use  of  the  less  reliable  and  more  com- 
plicated scintillation  apparatus  for  these  purposes, 
at  the  present,  has  no  meaning  since  the  most  simple 
solution  to  the  problem  can  be  found  by  using  in- 
struments equipped  with  Geiger-Mueller  counters. 

In  order  to  obtain  the  required  results  when  using 
Geiger-Mueller  counters  as  detectors  of  gamma 
radiation,  it  is  necessary  to  take  into  account  the 
specific  physical  conditions  of  measurement.  A  de- 
scription of  the  measures  taken  is  given  below.  Un- 
successful attempts  using  Geiger-Mueller  counters 
and  coincidence  circuits  in  the  analysis  of  uranium- 
thorium  ores4  emphasize  the  importance  of  intro- 
ducing these  measures.  These  attempts  did  not  give  a 
practicable  method  for  the  determinations  that  in- 
terest us. 

Elimination  of  the  Influence  of  Chemical  Composi- 
tion of  the  Rock  on  the  Results  of  Measuring  the 
Uranium,    Radium   and   Thorium   Content 

In  order  to  obtain  definite  results  in  determining 
the  content  of  radioactive  matter  in  rocks  and  radio- 


active ores,  measurements  should  not  be  influenced 
by  the  chemical  composition  of  the  rock. 

It  is  known  that  for  all  practical  purposes  beta 
radiation  does  not  depend  upon  the  chemical  com- 
position of  the  radiating  substance.  It  is  important 
in  beta  measurements  to  create  conditions,  whereby 
the  registered  beta  radiation  is  emitted  from  a  layer 
of  substance  that  is  known  to  be  "thick"  ;  that  is, 
the  layer  should  be  thick  enough  so*  that  a  further 
increase  of  its  width  would  not  influence  the  intensity 
of  beta  radiation.  Under  these  conditions  the  inten- 
sity of  beta  radiation  will  depend  upon  the  content 
of  radioactive  matter  in  the  ore. 

It  is  necessary  that  intensity  measurements  of 
gamma  radiation  should  be  independent  of  the  chemi- 
cal composition  of  the  radioactive  ore.  They  should 
be  proportional  only  to  the  content  of  radioactive 
matter  in  the  ore.  This  is  achieved  by  filtering  the 
gamma  radiation  of  the  sample  with  a  layer  of  lead 
having  a  thickness  of  1  to  1.5  mm.  Such  a  filter 
blocks  out  the  soft  components  of  the  gamma  radia- 
tion spectrum  and  leaves  only  hard  gamma  quanta. 
Absorption  of  the  latter  is  practically  independent  of 
the  chemical  composition  of  the  emitting  substance. 

Moreover,  in  gamma  measurement,  it  becomes 
quite  necessary  to  establish  a  condition  whereby  the 
absorption  of  gamma  radiation  in  the  emitting  sub- 
stance is  negligibly  small.  This  condition  is  fulfilled 
by  using  a  lead  filter  and  choosing  appropriate  dimen- 
sions for  the  container  in  which  the  sample  is  placed. 

Determination  of  the  Radium  and  Thorium  Content 

As  was  mentioned  above,  the  thorium  and  radium 
content  in  the  ore  (strictly  speaking,  not  radium 
content,  but  content  of  decay  products  of  radon) 
can  be  determined  by  performing  two  measurements 
of  gamma  radiation  intensity,  namely,  a  measure- 
ment of  the  whole  gamma  radiation  intensity  NT 
and  a  measurement  of  the  hard  gamma  radiation 
intensity  NT.  The  content  of  unknown  radioactive 
elements  can  then  be  calculated  from  the  following 
equations  : 


h)  P 


*Ra 


a  (XTH  -  XRa) 


(xTh   -  XRa) 


CD 


(2) 


where  /?Ra  is  the  content  of  decay  products  of  radon 
in  the  ore,  in  per  cent;  /?Th  is  the  content  of  thor- 
ium in  the  ore,  in  per  cent;  NT  is  the  counting 
rate  of  total  gamma  radiation  recorded;  NV  is  the 
counting  rate  of  hard  gamma  radiation  recorded; 
XTh=  (A/"7/Wr)Th  is  a  factor  diminishing  the  count- 
ing rate  for  "thorium"  gamma  radiation;  XR*  = 
Ra  is  a  factor  which  corrects  the  counting 
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rate  for  gamma  radiation  from  the  decay  products  of 
radon,  RaC  and  RaB ;  a  and  b  are  constants  depend- 
ing upon  the  parameters  of  the  apparatus,  test  con- 
ditions and  yields  of  gamma  radiation  from  the 
thorium  and  uranium  series ;  and  P  is  the  weight  of 
the  sample. 

The  emanation  factor  of  the  sample  has  to  be 
specially  measured  in  order  to  determine  the  radium 
content.  After  this,  the  data  is  used  to  calculate 
the  content  of  the  decay  products  of  radon,  which 
gives  the  radium  content. 

The  emanation  factor  of  the  sample  can  he  deter- 
mined by  the  usual  radon  method.  If  for  any  reason 
it  is  undesirable  to  use  the  radon  method,  the  emana- 
tion factor  can  be  determined  by  using  the  apparatus 
described  in  this  paper.  In  this  case  successive  meas- 
urements of  the  beta  radiation  intensity  of  the  sam- 
ple are  performed.  The  emanation  factor  is  deter- 
mined by  the  rate  of  increase  of  intensity  of  "beta 
activity." 

In  order  to  determine  the  emanation  factor,  meas- 
ures are  taken  to  eliminate  the  leakage  of  radon  from 
the  containers  in  which  the  samples  are  placed.  Her- 
metically sealed  containers  are  also  necessary  to 
eliminate  thoron  leakage,  since  it  may  somewhat 
alter  results  of  the  thorium  determination  (when 
calculating  thorium  content  it  is  assumed  that  thor- 
ium is  always  in  a  state  of  equilibrium  with  its 
decay  products). 

It  should  be  noted  that  precise  determination  of 
the  radium  content  is  necessary  only  in  a  few  special 
cases  where  the  genetics  of  mineral  deposits  or  ore 
formation  is  being  studied.  The  practical  work  of 
geological  exploring  parties  or  the  mining  of  radio- 
active ore  requires  a  precise  determination  of  ura- 
nium and  thorium  content  only.  A  precise  determina- 
tion of  the  radium  content  for  these  purposes  is  of 
no  consequence.  Approximate  information  regarding 
the  radium  concentration  is  quite  sufficient.  This 
information  can  be  gained  from  a  determination  of 
the  content  of  decay  products  of  radon  in  which 
the  emanation  factor  is  neglected.  Therefore,  in 
future  we  will  conditionally  regard  the  determination 
of  decay  products  of  radon  as  being  identically  the 
same  as  the  determination  of  radium  itself. 

Determination  of  Uranium  Content 
When  determining  the  uranium  content,  certain 
difficulties  in  the  method  arise  due  to  the  existence 
in  the  uranium  series  of  a  comparatively  intense 
beta  emitter,  RaE,  which  is  not  found  in  a  state  of 
equilibrium  with  the  decay  products  of  radon.  It 
was  shown  that  RaE  in  the  test  sample  almost  always 
was  in  equilibrium  with  radium;  however,  it  might 
not  be  in  equilibrium  with  the  decay  products  of  ra- 
don having  a  short  life  due  to  the  phenomenon  of 
emanation  and  to  the  comparatively  large  half  life  of 
RaD.  As  a  result,  when  deriving  an  expression  for 
the  counting  rate  of  beta  radiation,  it  is  necessary  to 
isolate  the  part  of  the  beta  radiation  due  to  RaE 
which  should  be  introduced  as  an  independent 
variable.  Beta  radiation  from  potassium  should  be 


also  considered  in  the  general  expression  for  beta 
activity  of  the  sample. 


N*  =  CRu 


MR*    (3) 


where  C,  A,B,L,  Mare  constants  characterizing 
the  part  of  measured  beta  radiation  from  the  cor- 
responding radioactive  components;  and  Rn,  RR&, 
Rth,  #RaK,  RK  are  values  for  the  content  of  the  cor- 
responding radioactive  components  in  the  test 
sample  of  radioactive  ore. 

There  are  five  independent  variables  in  Equation 
3.  This  expression  may  be  simplified  by  taking  into 
account  the  relationship  between  the  emission  factors 
of  beta  radiation  from  a  thick  layer  of  the  com- 
ponents Ra  and  Th  in  Equation  3  and  the  emission 
factor  of  gamma  radiation  from  the  same  compo- 
nents in  Equations  1  and  2. 


A 


(4) 


where  e  <  1.  After  substituting  Equations  4,  1  and 
2  in  Equation  3  and  simplifying  we  find 


N*  = 


-4; 
aP 


/^RaE  +  MR* 

(5) 

The  third  term  in  Equation  5  is,  as  a  rule,  insig- 
nificant in  the  general  balance  and  therefore  can 
be  neglected.  As  a  result  : 

N*  =  CRv  +  ^-Nv  +  R****'  +  MR*    (6) 
aP 

The  last  term  in  Equation  6  shows  that  the  part  of 
beta  radiation  from  potassium  is  also  not  extremely 
significant  in  the  general  balance  of  radiation.  Beta 
radiation  from  potassium  should  be  taken  into  ac- 
count only  when  studying  extremely  low-grade 
radioactive  ores.  Consequently,  for  ordinary  meas- 
urements the  last  term  in  Equation  6  can  almost 
always  be  neglected.  In  this  case: 


N*  = 


+    ± 


Assuming  the  concentration  of  RaE  always  to  be 
proportional  to  the  radium  content  then  the  content 
of  RaE  can  be  expressed  in  terms  of  equivalent 
uranium  content.  As  a  result,  we  have  : 


aP 

where  £  is  the  equilibrium  factor  of  RaE  with  ura- 
nium. 

Solving  this  equation  for  RU  we  obtain  : 


Ri 


(7) 


Equation  7  contains  only  one  independent  para- 
meter which  is  the  equilibrium  factor  of  RaE,  £. 
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Table  I 


Thickness 

,    °f. 
aluminum 

filter  mm 

Relative  weakening  of  beta  radiation  intensity 

Uranium 
ore  in  equi- 
librium 

Uranium 

Thorium 

Radium 
without 
KaE 

RaR 

K 

0.1 

1.0 

1.0 

1.0 

1.0 

1.0 

1.0 

0.3 

0.56 

0.61 

0.6 

0.59 

0.23 

0.42 

0.6 

0.32 

0.34 

0.38 

0.41 

0.05 

0.17 

0.9 

0.19 

0.21 

0.25 

0.24 

0.01 

0.07 

Under  natural  conditions  this  factor  can  vary 
within  extremely  wide  limits.  The  numerical  value 
for  the  ratio  of  the  factors  L/C,  when  directly 
registering  beta  radiation  emitted  from  a  thick  layer, 
is  close  to  0.3.  Therefore,  Equation  7  is  not  as  yet 
suitable  for  calculating  the  uranium  content. 

In  order  to  determine  precisely  the  uranium  con- 
tent, it  is  necessary  to  eliminate  the  effect  of  beta 
radiation  from  KaE  on  the  beta  measurements.  For 
this  purpose,  it  is  possible  to  make  use  of  the  fact 
that  the  spectrum  of  beta  radiation  from  RaK  has 
a  maximum  energy  considerably  lower  than  the  max- 
imum energies  in  the  spectra  of  the  remaining  com- 
ponents of  the  radioactive  series. 

Results  of  experiments  for  reducing  the  beta 
radiation  by  means  of  aluminum  filters  for  five 
radioactive  components  buried  in  quartz  sand  are 
given  in  Table  I.  The  thickness  of  the  layer  of 
activated  sand  was  chosen  so  that  beta  particles  were 
being  emitted  from  the  "thick"  layer. 

The  data  in  Table  I  show  that  the  beta  radiation 
from  RaK  is  reduced  much  more  sharply  with  an 
increase  in  thickness  of  the  aluminum  filter  than 
the  beta  radiation  from  the  remaining  radioactive 
components.  With  a  filter  thickness  of  0.9  mm,  the 
relative  weakening  of  beta  radiation  intensity  from 
RaK  is  twenty  times  greater  than  the  relative  weak- 
ening of  beta  radiation  intensity  from  the  decay 
products  of  uranium. 

A  further  increase  in  thickness  of  the  filter  brings 
about  a  greater  difference  in  the  weakening  of  beta 
radiation.  However,  beta  radiation  from  the  main 
radioactive  components  is  at  the  same  time  consider- 
ably reduced.  Therefore,  it  is  advisable  to  stop  at 
a  thickness  of  0.9  mm  for  the  aluminum  filter,  where 
beta  radiation  from  uranium  and  RaC  is  not  con- 
siderably weakened  while  radiation  from  RaE  is 
almost  totally  absorbed. 

Therefore,  we  have : 


Rv  = 


aP 


where  x&  is  equal  to  0.21  (see  Table  I)  and 
equal  to  0.24  (see  Table  I). 


In  this  case:* 


0.017 


Rv  = 


(8) 


Equation  8  does  not  contain  unknown  parameters. 
This  expression  is  suitable  for  precise  calculation  of 
the  uranium  content  on  the  basis  of  beta  and  gamma 
radiation  even  when  the  uranium  and  the  radium 
contents  deviate  greatly  from  their  equilibrium 
values.  Only  when  equilibrium  is  violated  by  the 
presence  of  more  than  six  times  the  required  (equi- 
librium) amount  of  radium,  do  we  observe  a  relative 
error  in  the  determination  of  uranium  content  of 
more  than  10%. 

This  accuracy  of  measurement  is  quite  sufficient 
for  the  majority  of  practical  purposes. 

The  Main  Technical  Requirements  of  the  Apparatus 

The  principal  physical  prerequisites  that  serve  as 
the  basis  of  a  method  for  simultaneously  determining 
uranium,  radium  and  thorium  content  in  radioactive 
ores  were  considered  above. 

From  this  consideration,  it  is  possible  to  formulate 
the  requirements  that  the  apparatus  must  fulfill. 

1.  The    apparatus    must   simultaneously    register 
gamma  and  beta  radiation. 

2.  The    apparatus    must    simultaneously    register 
total  gamma  radiation  as  well  as  only  hard  gamma 
radiation  having  an  energy  higher  than  stipulated. 

3.  In  order  to  eliminate  the  influence  of  the  chemi- 
cal composition  of  complex  minerals  on  the  measured 
results,   gamma   radiation   should  be  filtered   by  a 
layer  of  matter  having  a  large  Z. 

4.  In  order  to  eliminate  the  interference  of  beta 
activity,  the   KaE  beta  radiation   from  the  sample 
should  be  filtered  by  a  layer  of  aluminum  having 
a  thickness  of  0.9  to  1.0  mm. 

5.  The  sample  container  should  have  a  hermetic 
seal,  thereby  eliminating  leakage  of  emanations. 


*  In  the  following  text 
^C  is  designated  by  C. 


is  designated  by  A  and 


Table  II 


With  anti- 

Without  an/i-     coincidence  Without  anti-  With  anti- 

/ero  background      coincidence      but  without  coincidence  coincidence 

and  lead              lead  but  with  lead  and  lead 


Registration  of 
total  gamma  ra- 
diation, cpm          2400 


Registration  of 
coincident 
pulses,  cpm 


290 


s 


Registration  of 
beta  radiation, 
cpm  49 


1900 


30 


28 


520 


205 


23 


210 


9.5 


10 


238 


VOL.  VIII         P/630         USSR         G.  R.  GOLBEK  ef  a/. 


Figure  1.  Cross  section  of  case 

THE  APPARATUS  AND  RESULTS  OF  TESTS 
A  Description  of  the  Apparatus 

The  counting  chamber  of  the  apparatus  is  sche- 
matically shown  in  Fig.  1.  A  general  view  of  the 
partially  disassembled  counting  chamber  and  a  view 
of  the  sample  container  are  shown  in  Fig.  2. 

Beta  radiation  is  registered  by  a  thin-walled 
Geiger-Mueller  counter  (see  6  in  Fig.  1)  placed  in 
the  center  of  the  counting  chamber  in  such  a  manner 
that  while  measuring,  it  is  located  in  the  central 
space  of  the  container  (see  4  in  Fig.  1).  The  counter 
is  mounted  in  a  cylindrically  shaped  aluminum  cas- 
ing. The  walls  of  this  casing  taken  together  with 
the  walls  of  the  inner  space  of  the  aluminum  con- 
tainer form  a  filter  that  absorbs  beta  radiation  RaK. 

Gamma  radiation  is  registered  by  means  of  two 
rings  of  glass  counters  of  the  BC-8  type  connected 
in  parallel  (see  1  and  2  in  Fig.  1).  While  the  gamma 
radiation  is  being  registered,  the  counting  rate  of 
the  entire  system  of  counters  as  well  as  the  counting 
rate  of  coincident  pulses  is  also  being  measured. 

The  use  of  coincident  pulses  for  the  energy  dis- 
crimination of  gamma  radiation  is  a  development  of 
Bothe's  method.4  The  discrimination  system  that  was 
developed  differs  from  the  one  in  Bothe's  method  in 
that  a  ring  group  is  used,  containing  42  counters, 
which  is  equivalent  to  the  20  elementary  nuclei  in 
the  latter  method.  The  influence  of  chemical  com- 
position of  the  ore  on  gamma  radiation  is  eliminated 
by  a  lead  sheath  (see  5  in  Fig.  1). 


KZHIHZl 


Figure  3.  Block  diagram  of  the  apparatus.    Blocks  at  right  are 

mechanical  registers  (E.M.C.);  blocks  below  block  11  are  SC-64 

scaling  devices. 


The  BC-8  type  counters  used  in  registering  gamma 
radiation  were  treated  with  hydrofluoric  acid  in  order 
to  reduce  the  width  of  the  glass  walls  in  the  counter; 
thus,  the  threshold  of  energy  discrimination  of  sec- 
ondary electrons  is  lowered. 

The  ring  system  of  gamma  radiation  counters  is 
surrounded  by  a  tray  of  type  BC-6  counters  (see  7 
in  Fig.  1),  connected  for  anti-coincidence  with  the 
remaining  system  of  countries.  This  type  of  connec- 
tion considerably  reduces  the  background  from  cos- 
mic radiations  that  have  penetrated. 

For  reducing  the  background  from  soft  cosmic 
and  terrestrial  radiations,  the  pick-up  element  in  the 
apparatus  is  placed  in  a  lead  sheath  having  walls 
50  mm  in  thickness  (see  8  in  Fig.  1). 

The  way  in  which  the  anti-coincidence  circuit  and 
lead  sheathing  of  the  case  eflect  the  background  is 
shown  in  Table  II. 

A  general  block  diagram  of  the  apparatus  is  shown 
in  Fig.  3.  In  this  diagram  blocks  1,  2,  3,  4  are  input 
forming  circuits;  block  5  is  a  circuit  registering 
coincident  pulses  and  subtracting  from  their  number 
the  cosmic  background  pulses;  block  6  is  a  circuit 
subtracting  cosmic  background  pulses  from  the  num- 
ber of  pulses  registered  by  the  beta  counter;  block 
7  is  a  circuit  mixing  pulses  from  the  rings  of  the 
gamma  counters  and  subtracting  from  their  number 
the  cosmic  background  pulses;  blocks  8,  9,  10,  11 
are  output  forming  elements;  SC-64  is  a  standard 
scaling  device;  E.M.C.  is  a  mechanical  register. 

An  assembled  view  of  the  apparatus  is  shown  in 
Fig.  4. 


Figure  2.  Case  in  partially  disassembled  state 


Figure  4.  General  view  of  the  apparatus 
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Determining  the  Parameters  of  the  Apparatus 

Formulae  were  derived  for  determining  the  ura- 
nium, radium  and  thorium  content  in  radioactive 
ores  on  the  basis  of  the  method  of  measurement  con- 
sidered above. 

However,  the  numerical  values  of  the  factors 
contained  in  these  formulas  must  be  obtained  before 
the  latter  can  be  applied  for  practical  determinations. 
With  this  in  mind,  standard  samples  were  made  up 
having  a  known  content  of  radioactive  components 
and  a  known  weight  of  rock.  Numerous  measure- 
ments of  these  samples  were  made  by  the  apparatus. 
The  factors  were  calculated  from  the  measured  data 
and  have  the  following  values : 

a  =  95  pulses/min-gram% 

b  =  48.5  pulses/min-gram% 

A  =  8900  pulses/min-% 

B  =  4440  pulses/min-% 

C  =  4440  pulses/min-% 

Xna=  1.1% 

X™  =  2A% 

Corrections  accounting  for  the  influence  of  gamma 
radiation  from  the  sample  on  the  number  of  counts 
made  by  the  beta  counter  must  be  introduced  in 
order  to  eliminate  errors  in  determining  the  uranium 
content  from  beta  measurements.  One  can  write  : 

N*  =  A*  RR&  +  ArRR*  +  B*  Rn  +  BTRTh  +CRv 

where  A*,  B0,  C  are  factors  accounting  for  part  of 
the  beta  radiation  from  a  given  element  in  the 
general  counting  balance  of  beta  radiation,  and  ^4r, 
Br  are  factors  accounting  for  part  of  the  registered 
gamma  radiation. 

Numerical  values  of  factors  accounting  for  gamma 
radiation  can  be  ascertained  indirectly.  It  is  known 
that  the  intensity  of  beta  radiation  from  uranium 
and  from  RaC  when  in  a  state  of  equilibrium  is 

Table  III* 


Weight,           Content  according  to 
No.           grams               chemical  analysis 

Content  as  determined 
by  apparatus 

1            946              Rv 
RTh 

-  0.002 
=  0.12 

RR& 
Ru 

RTh 

=  0.002 
=  0.004 
=  0.119 

db 
=fc 
± 

0.003 
0.002 
0.01 

2            880              Ru 

RTh 

=  0.004 
=  0.06 

7?Ra 

Ru 

RTh 

=  0.005 
=  0.006 
=  0.06 

=fc 
db 

± 

0.003 
0.002 
0.005 

3            769              Rv 

RTh 

-  0.002 
»  0.058 

RR* 
Ru 

RTh 

=  0.005 
=  0.003 
-  0.048 

=b 

d= 
db 

0.003 
0.002 
0.005 

4            735              Ru 
RTh 

=  0.07 
=  0.00 

RR* 
Ru 

RTh 

=  0.07 
=  0.08 
=  0.00 

± 
± 
db 

0.005 
0.005 
0.003 

5               880                   J?Ra 

Ru 

RTh 

=  0.068 
=  0.062 
=  0.006 

#Ra 

-Ru 

RTh 

-  0.082 
=  0.068 
=  0.00 

db 

± 
db 

0.008 
0.005 
0.003 

approximately  the  same.  The  authors  of  this  paper 
have  data  showing  A**/C=  1.08.  The  effect  of  the 
weight  of  the  rock  is  taken  into  account  in  the  factor 
Ar  in  the  following  manner : 

AT  -   ArP 

A        —    AQ  — 

-TO 

where  A0T  is  the  value  of  the  factor  obtained 
from  standard  tests  of  the  apparatus  with  a  given 
sample  of  weight  P0.  In  this  case  the  factor  Ar  may 
be  obtained  from  the  relationship  given  above  for 
the  factors  A&  and  C 

Ar  -  A  -  A*  =  A  -  1.08C 

The  factors  B*  and  -Br  can  then  be  calculated 
using  the  value  of  the  factor  Ar  found  above. 

The  ratio  b/a  was  found  equal  to  b/a  =  0.51. 
Therefore, 


r— -  0.5Ur 
a 


0.51  AE-^r 
Po 


Making  use  of  the  parameters  given  above  we  find : 

A*  =  4750  pulses/min-% 

AT  =  4150  P/Po  pulses/min-% 

B*  =  2380  pulses/min-% 

Br  =  2120  P/Po  pulses  mm-% 

Let  us  calculate  the  ratio  of  factors  A*/B?  and 
a/b 

*L-  i99±-  196  4!_2(i  +  €) 
W  ~          '  b  "          '   a          b   (    ^ 

where  c  =  0.018. 

Calculations  indicate  that  a  connection  exists  be- 
tween counting  balance  factors  of  beta  and  gamma 
radiations  which,  by  the  way,  was  mentioned  earlier. 

Results  of  Testing  the  Apparatus  in  the  Laboratory 
and  in  the  Field 

Working  formulae  for  determining  the  uranium, 
radium  and  thorium  content  in  radioactive  ore  are 
as  follows : 


-   XRa 


(XTh  ~  XRa) 


*  Radium  contents  in  the  samples  are  given  in  terms  of 
equivalent  uranium  content. 


where  N&,  Ny9  NT  are  the  number  of  pulses  per 
minute  registered  by  the  corresponding  channel 
with  the  background  subtracted ;  P  is  the  weight  of 
the  sample ;  /ior/Po  =  5.9  pulses/min-gram  %  ;  A*  = 
4750  pulses/min-%  ;  C  =  4400  pulses/min-%  ;  a  =  95 
pulses/min-gram  %\b  —  48.5  pulses/min-gram  % ; 
XH.  =  U  X  10-2 ;  xTh  =  2.4  X  10-2 ;  xRa  =  1.3  X 
10~2 ;  Ru,  jRRa,  R^  are  values  of  the  uranium,  radium 
and  thorium  contents  in  the  ore,  in  per  cent. 
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Laboratory  results  of  studies  carried  out  with 
the  apparatus  described  are  given  in  Table  III  for 
five  different  samples  of  radioactive  ores. 

A  check  was  made  to  test  the  linearity  of  the 
apparatus  as  a  function  of  the  quantitative  content 
of  radioactive  matter.  The  composition  of  the  sample 
in  all  cases  was  identical.  Checks  showed  that  no 
deviation  from  linearity  was  observed  in  all  three 
channels  for  a  wide  range  of  counting  rates. 

After  undergoing  laboratory  tests  the  apparatus 
was  operated  in  the  field.  In  July  1954,  110  analyses 
were  performed  with  the  apparatus. 

All  samples  analysed  with  the  apparatus  also 
underwent  numerous  chemical  and  radiochemical 
analyses  in  different  laboratories.  At  the  present  we 
have  material  on  chemical  and  radiochemical  analyses 
of  88  samples  containing  from  0.005^  to  2%  of 
radioactive  elements  with  different  proportions  of 
thorium,  radium  and  uranium  content.  Results  of 
chemical  and  radiochemical  analyses  of  the  88  sam- 
ples compare  well  with  results  given  by  the  ap- 
paratus. 

It  should  be  noted  that  chemical  and  radiochemical 
analyses  for  uranium,  radium  and  especially  thorium 
require  many  days  of  labor  of  highly  qualified  chem- 
ists. Analyses  of  a  sample  with  the  apparatus  devel- 
oped takes  from  5  to  50  minutes  (depending  upon 
the  percentage  content  of  radioactive  matter).  The 
apparatus  is  handled  by  operators  having  low  quali- 
fications. The  relative  accuracy  of  measurement 
comprises  from  5  to  Wr/c  of  the  content  of  the 
unknown  component  when  the  content  is  greater 
than  0.01%. 


CONCLUSION 

The  possibility  of  determining  uranium,  radium 
and  thorium  content  in  radioactive  ores  by  means  of 
simultaneous  measurements  of  their  beta  and  gamma 
radiation  is  shown  in  the  paper. 

Experiments  showed  that  the  simplest  solution  to 
the  problem  can  be  obtained  by  means  of  threshold 
spectrometry  of  gamma  radiation. 

An  apparatus  was  designed  and  constructed  that 
made  possible  a  single  and  simultaneous  determina- 
tion of  uranium,  radium  and  thorium  content  in 
radioactive  ores  based  on  measurements  of  beta  and 
gamma  radiation. 

Use  of  this  apparatus  in  practice  for  geophysical 
studies  showed  the  high  efficiency  of  the  proposed 
method.  Data  of  chemical  and  radiochemical  analyses 
of  samples  compare  well  with  data  given  by  the  ap- 
paratus. 

Thus,  the  first  few  experimental  studies  concern- 
ing the  practical  application  of  the  apparatus  allow 
one  to  hope  that  the  method  developed  and  the  ap- 
paratus based  on  it  will  find  wide  use  in  geological 
and  mining  work  in  the  uranium  extracting  industry. 
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Analysis  of  Mixed  Uranium  and  Thorium  Ores 
by  the  Measurement  of  Gamma  Radiation 

By  A.  M.  Baptista  and  J.  Palacios,*  Portugal 


•  In  a  previous  paper  (Revista  de  Faculdade  de 
Oencias  de  Lisboa,  2a,  serie,  2,  49,  1952)  we  de- 
scribed a  method  for  the  analysis  of  radioactive 
minerals.  Our  method  was  based  on  the  fact  that, 
under  certain  circumstances,  the  response  of  a 
(ieiger-Muller  detector  is  proportional  to  the  mass 
of  the  mineral  used  in  the  measurements.  Our  in- 
tention now  is  to  make  a  more  complete  study  of 
this  method  and  to  ascertain  whether  it  can  be 
used  to  determine  the  contents  of  uranium  and 
thorium  in  minerals  where  both  elements  are  present. 

Figure  1  shows  the  apparatus  used.  It  includes  a 
lead  cathode  detector  tube  filled  with  a  mixture  of 
argon  and  alcohol.  The  25  cm  long  cathode  gives  a 
neutral  zone  of  about  14  cm.  After  pulverization, 
the  ore  is  placed  in  an  11  cm-high  double  walled 
Pyrex  container,  with  a  distance  of  1 1  mm  between 
walls.  This  unit  was  placed  in  a  3  cm-thick  lead 
shield.  With  this  instrumentation,  background  was 
about  170  cpm. 

Figures  2  and  3,  obtained  with  samples  of  uranium 
ore  and  with  uranium  f-  thorium  ore,  show  an  ideal 
ratio  between  the  cpm  and  the  mass  used,  although 
the  apparent  densities  had  varied  between  1.2  and 
2,3  gm/cnr1. 

THE  BASIS  OF  THE  METHOD 

We  shall  assume  an  ore  containing  uranium  and 
thorium  to  be  in  equilibrium  with  all  the  members 
of  their  respective  families  and  that  both  emanations, 
Rn  and  Tn,  are  extracted  as  they  are  formed,  the 
reaction  lasting  for  a  time,  0.  The  glass  is  covered 
to  prevent  the  gases  escaping,  and  the  gamma  activity 
is  measured  as  a  function  of  time.  From  the  study 
of  the  uranium  and  thorium  families,f  taking  into 
consideration  the  half-life  of  the  different  members 
and  limiting  ourselves  to  the  gamma  emitters  des- 
cended from  both  emanations,  it  follows  that,  in 
the  case  of  uranium,  the  activity  diminishes  during 
the  extraction  because  of  the  reduction  in  the  number 
of  atoms  of  RaA,  KaB  and  RaC,  (Fig.  4),  and  tends 
toward  zero  when  the  extraction  is  prolonged  indef- 
initely. Hence,  the  initial  activity  during  the  second 
stage,  i.e.,  when  the  release  of  emanation  is  ob- 
structed, depends  on  time,  S . 

Original  language :  Spanish. 

*  Centres  de  Estudos  da  Encrgia  Nuclear,  Laboratorio  de 
Fisica,  Lisbon. 

fThe  complete  study  was  done  by  J.   M.  Cayolla  Car- 
pinteiro,  whom  we  thank  for  his  valuable  cooperation. 


During  the  recovery  stage,  radioactivity  continues 
to  decrease,  it  reaches  a  minimum,  then  slowly  in- 
creases, and  as  shown  on  Fig.  5,  causes  the  minimum 


Figure  1.  Apparatus  for  analysis  of  radioactive  ores 

value  of  the  relative  activity,  arj  =  Ay/ A*,  to  be  prac- 
tically independent  of  extraction  time  S,  so  that  a 
10-minute  extraction  of  the  radiation  is  sufficient 
to  reduce  the  minimum  to  an  =  0.03,  although  it  is 
<rr  =  0.9  at  the  end  of  extraction. 

Since  the  behavior  of  the  thorium  family  is  en- 
tirely different,  it  should  be  possible  to  detect  its 
presence  in  the  mixture. 

In  effect,  the  decrease  in  activity  during  the  first 
stage  is  much  slower  than  for  uranium,  and  a  one 
hour  extraction  of  emanation  is  sufficient  for  bring- 
ing the  relative  activity  to  QJT  =:  A^/A*  =  0.82.  More- 
over, since  the  thorium  is  very  short-lived;  its 
daughters  are  born  so  fast  that  the  recovery  curve 
rises  from  the  first  moment.  The  quantitative  study 
revealed  other  facts,  very  favorable  for  our  purpose. 

Since  radon  is  much  longer-lived  than  any  of  its 
gamma  emitter  daughters,  all  the  recovery  curves, 
regardless  of  0 ,  may  for  practical  purposes  be  con- 
sidered as  coinciding  after  t  =  3  hours,  the  time  / 
being  measured  from  the  instant  in  which  the  emana- 
tion flow  was  observed  (  Fig.  5 )  and  the  formula 

flu=l_exp(-A/)=/(0  (1) 

is  valid.  As  could  be  expected,  there  is  no  other 
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parameter  besides  the  decay  constant  of  radon,  A  = 
0.1812  d-1. 

In  contradistinction,  the  recovery  curve  of  the 
thorium  family  depends  on  extraction  time,  6 ,  and 
is  described  by  the  equation : 

«Tb  =  [  —  exp  (  —  A'0)]  exp  (—  A'O  =  <t>(t,9)    (2) 

where  A=  1.099  X  103  d"1  is  the  disintegration  con- 
stant of  thoron.  This  value  of  A'  accounts  for  the 
rapid  growth  of  a-m  so  that  recovery  is  almost  com- 
pleted after  a  few  hours. 

Applying  Equations  1  and  2,  the  recovery  curve 
of  an  ore  containing  X  grams  of  UsOg  and  Y  grams 
of  ThOj  per  gram  is  easily  constructed.  In  effect, 
if  x  is  the  fraction  which  the  radon  daughters  con- 
tribute to  the  total  radiation,  we  have: 

a  -  1 


-  1  (3) 

where  a  =  n/n»,  expressed  as  a  fraction  of  the 
activity  of  the  equilibrium  stage,  is  the  total  activity 
after  time  f .  Finally  the  expressions  for  X  and  Y  are : 


X    = 


(4) 


are 


where  m  is  the  mass  of  the  sample  and  £  and 

the  counts  per  minute,  corresponding  to  1  gm  UaOs 

and  to  1  gm  ThC>2,  respectively. 

To  find  n  directly,  it  is  necessary  to  wait  until 
the  sample  recovers  its  radioactive  equilibrium  since 
a  considerable  loss  of  radiation  occurs  during  grind- 
ing. This  difficulty  is  avoided  by  taking  two  measure- 
ments at  ti  and  t2t  conveniently  chosen,  and  applying 
the  formula: 


n(h)  [I  - 


-nfo)  [1  -/(/,)] 


*  /(/,)  -  /(/i) 

EXPERIMENTAL  METHOD 

Of  the  methods  tested  for  the  expulsion  of  the 
emanations,  a  simple  and  quite  satisfactory  one  con- 
sists of  placing  the  sample  in  a  double  walled  glass 
vessel  where  measurements  are  taken  and,  after 
weighing,  attacking  it  with  aqua  regia  with  moderate 
boiling  for  a  time  6  =  1  hour  when  the  ore  falls  to 
pieces  and  the  emanation  is  carried  away  by  the  bub- 
bles. The  glass  vessel  is  then  covered  and  the  recov- 
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Figure  3.  Ratio  of  detector  readings  (cpm)  and  ore  mass 
(uranium  and  thorium) 

ery  stage  begins.  Measurement  of  the  cpm  can  be 
started  after  three  hours. 

RESULTS 

To  test  our  method  we  applied  it  to  an  ore,  free 
from  thorium  and  having  a  known  uranium  con- 
tent. The  points  surrounded  by  circles  in  Fig.  6 
refer  to  a  sample  containing  1.45%  of  UaOs  and 
curve  I  is  the  theoretical  curve  based  on  Equation  1. 
The  regular  discrepancy  observed  is  well  beyond 
any  possible  errors  of  measurements.  Thus,  the 
minimum  anticipated  for  the  extraction  time  of  1 
hour  is  0.03,  while  the  experimental  value  was  0.16; 
and  this  value  was  reproduced  upon  repetition  of  the 
operation  under  the  same  condition  with  different 
ores  and  varying  the  extraction  time  between  1  and 
3  hours. 

There  may  be  two  causes  for  this  discrepancy ; 
first  the  incomplete  extraction  of  radon,  and  second, 
the  failure  to  take  into  consideration  the  gamma 
radiation  of  the  members  born  before  the  radon. 
It  is  easy  to  see  that  both  reasons  will  affect  the 
radioactivity  constant,  eA^*  in  such  a  way  that  in- 
stead of  the  minimum  of  the  curve  0  for  0  =  GO  it 
is  converted  to  c. 

To  take  this  condition  into  account  it  suffices  to 
remember  that  the  variable  part  is  aA*,  in  which 
a  =  1  —  c,  which  in  view  of  Equation  1  gives : 


=  1  —  a  exp  (— 


(6) 


Figure  2.  Ratio  of  detector  readings  (cpm)  to  ore  mass  (uranium) 


We  have  attempted  to  find  how  both  causes  affect 
the  value  of  the  fraction  1  —  €.  It  must  be  kept  in 
mind  that,  after  the  attack,  there  remains  in  the 
glass  a  granular  deposit  resembling  the  sample  be- 
fore the  treatment  with  aqua  regia;  this  deposit  is 
covered  with  a  light  precipitate  which  spreads 
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0.4 


0.2- 


Flgure  4.  Theoretical  curve  of  the  relative  activity 


of  a  uranium  ore  after  extraction,  during  time  0 


0.4  r 
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1  234567 

Figure  5.  Theoretical  recovery  curves  of  uranium  ores  activities  for  different  values  of  extraction   time   0 
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12 


Figure   6.     Recovery   of   the  activity   of   uranium   ore    (1.45%  UsOs)    after  treatment  for  one   hour  with  boiling  aqua   regia.  The  circles 
represent  experimental   values.   Curves  I   and   II   were  constructed  from  Equation  6  in  which  a         1  and    <*  =  0.84,  respectively 
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Figure  7.  Recovery  of  activity  of  a  uranium  ore  whose  radioactive  equilibrium   had   been  disturbed  by  grinding  and    subsequent    handling 
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throughout  the  liquid  upon  stirring.  By  adding 
water,  separating  the  precipitate  with  a  pipette  and 
repeating  the  extraction  of  radon,  it  is  possible  to 
reduce  the  remaining  activity  to  £  =  0.12.  This  slight 
drop  (from  0.16  to  0.12),  obtained  with  such  a 
substantial  difference  in  grain  size,  would  suggest 
that  the  greater  part  of  the  remanent  activity  is 
due  to  the  gamma  emitters  preceding  the  radon. 
In  any  case,  the  persistent  continuity  of  the  minimum 
value  under  very  different  conditions  makes  it  pos- 
sible to  use  the  value  «  =  1  —  t  =  0.84  for  all  prac- 
tical purposes.  With  this  value,  and  using  Equation  6, 
curve  II  has  been  constructed  from  Fig.  6  and  as 
may  be  seen,  the  agreement  is  perfect. 

As  we  have  already  seen,  ore  grinding  causes  con- 
siderable release  of  emanation  ;  the  same  applies  to 
the  upsetting  of  the  powder.  The  recovery  formula, 
Equation  6,  can  be  verified  without  treating  the  ore 
chemically.  In  the  example  in  Fig.  6  a  minimum  of 
€  =  0.75  was  obtained  simply  by  stirring,  and  we 
can  see  that  its  curve  agrees  well  with  the  experi- 
mental values. 

FORMULAE  FOR  DETERMINING  CONTENTS  OF 
MIXED  ORES 

Considering  the  remaining  activity  and  the  fact 
that  the  function  <j>(t)  is  practically  unity  for  t  >  3 
hours,  Equations  1  and  2  lead  to: 

«(/)/"*  =  .v[l  —  «  exp  (—A/)]    I-  ( 1  —  .r) 
or: 

u(t)/»*  =  1  —«' exp  (—A/)  (7) 

in  which : 

«'  =  .1-0  ( 8 ) 

and  since  a  =  0.84,  it  suffices  to  solve  for  a'  in  order 
to  compute  .r.  This  is  obtained  with  two  measure- 
ments of  •/;.  .sini-e  Equation  7  gives: 


n(t)  exp  (-\/I)-H(/I)  exp  (-X/) 

To  be  able  to  apply  Equation  4,  it  is  necessary 
to  find  the  values  of  £  and  ?/,  which  requires 
calibrating  the  counter  in  order  to  find  the  cpm  for 
1  gni  U:«()H  and  Th()a,  respectively.  This  operation 
requires  ores  of  a  known  composition. 

Table  I  gives  the  results  obtained  with  several 
ores  free  from  thorium. 


Table  I.     Adjustments  of  the  Detector  Tube 


Mass 

w* 
cpm 

%u,o. 

c^Eitw 

35 
35 
35 

1342 
1214 
1470 

1.45 
1.32 
1.53 

2.64 
2.63 
2.74 

With  a  mixed  uranium  and  thorium  ore,  the  results 
of  the  measurements  are  given  in  fable  II. 

Table  II.     Uranium  and  Thorium  Ore 


(days) 

ii  X  10-» 
(cpm) 

fjfp  (—  \o 

r' 

0.125 
0.96 
1.96 
3.04 
3.87 

2.82 
3.08 
3.30 
3.55 
3.89 

0.978 
0.840 
0.711 
0.589 
0.510 
Average 

0.61 
0.58 
0.60 
0.58 
0.55 

With  of  =  I — e'^0.42,    and  using  the  accepted 
value  of  «,  we  get : 


0.42 
0.84 


=  0.50 


On  the  other  hand,  from  the  figures  in   the  table, 
we  obtained: 


w.  =  ; r'--*^-,—^  =  4-79  X  103 

I  —  a  exp  (  —  X/) 

whence,  since  £  is  known,  and  using  Equation  4,  we 
have 

A"  =  0.0247  gm  UaCVgm  ore 

This  proves  that  it  is  sufficient,  in  order  to  find 
the  uranium  content  in  a  mixed  ore,  to  calibrate  the 
tube  for  uranium.  Since  we  have  no  available  data 
for  an  ore  with  a  known  thorium  content,  the  com- 
parison of  our  results  with  those  obtained  by  chemi- 
cal methods  will  have  to  be  done  in  the  future. 
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Determination  of  the  U235  Content  in  Uranium 
by  a  Radiochemical  Method 

By  I.  G.  de  Fraenz  and  W.  Seelman-Eggebert,*  Argentina 


For  the  method  described  here,  we  assume  that 
the  isotopic  ratio  (U238/U235)  in  natural  uranium 
is  known.  The  measurements  of  Dempter,1  Nier2  and 
Kienberger3  carried  out  with  the  mass  spectrometer 
gave  a  value  of  140  ±:  1  for  this  ratio.  In  addition  to 
the  use  of  the  mass  spectrometer  for  the  determina- 
tion of  the  U235  content,  «  particle  measurements  can 
also  be  used  for  analysis  of  the  ratio  of  U235  fission 
to  U239  formation  by  thermal  neutrons. 

a  measurements  are  not  useful  for  very  low  U235 
contents,  and  for  uranium  fission,  neutrons  must  be 
available.  On  the  other  hand,  however,  the  radio- 
chemical  method  is  suitable  for  use  with  the  means 
normally  available  in  a  specialized  laboratory. 

The  radiochemical  method  consists  of  a  comparison 
of  the  activities  of  the  daughter  products  of  the  two 
uranium  isotopes  U238  and  U235.  These  two  isotopes 
disintegrate  with  the  emission  of  alpha  particles, 
with  long  half-lives,  to  give  the  thorium  isotopes  UXi 
and  UYt  which  are  /^-emitters  having  comparatively 
short  half-lives  (24.1  days  and  25.5  hours).  If  U 
is  radiochemically  separated  from  its  daughter  prod- 
ucts, the  two  isotopes  of  thorium  will  again  form  the 
parent  substance. 

Due  to  its  shorter  half-life,  the  activity  of  UY 
will  develop  much  more  rapidly  than  that  of  UXX, 
so  that,  shortly  after  separation,  the  ratio  between 
these  activities  changes  in  favor  of  the  UY  fraction. 

If  the  isotopes  of  thorium  are  separated  from 
uranium  at  time  /  —  0,  we  shall  again  have,  according 
to  the  known  formulae  of  radioactive  disintegration  : 


A  (UY) 


where  ^(UXO,  A  (  UY  )=  absolute  activities  of 
UXi  and  UY,  respectively,  found  in  the  sample; 
A(UXi),  A(UY),  etc.  =  disintegration  constants  of 
UX!  and  UY  respectively;  JV(U238),  AT(U285)  = 
number  of  atoms  of  U238  and  U285  respectively. 

Using  the  half  -lives,  rather  than  the  disintegration 
constants  :4 


In  2 


In  2 


we  obtain,  for  the  ratio  of  the  activities : 


Original  language:  Spanish. 
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Jl    4.49  X  109-(l-g-x(UV)<) 
ft,'  7.13  X  108  •(!  _e-x<uxoi) 

6.31    1  -  <TX(UY)< 
Qy  '  1  - 


(1) 


The  relation  between  the  activities  of  the  two 
daughter  products  depends  on  the  time  of  forma- 
tion. In  Fig.  1  this  dependency  is  shown  for  natural 
uranium  (Qy=  140).  In  radioactive  equilibrium,  the 
ratio  is  equal  to  0.045.  Conversely,  when  extrapolat- 
ing to  the  moment  of  the  separation,  it  is  1.02.  When 
the  time  elapsed  from  the  last  separation  and  the 
ratio  of  activities  of  the  daughter  products  is  known 
for  an  unknown  mixture  of  isotopes,  it  becomes  pos- 
sible to  find  the  isotopic  relationship  sought,  Qy> 
by  means  of  Equation  1,  or  Fig.  1. 

The  fact  that  both  UXi  and  UY  have  complex 
^-radiation  spectra  of  low  maximum  energy  makes  it 
difficult  to  measure  in  practice  the  ratio  of  activities. 
For  UX!  a  figure  of  0.205  Mev  (80%)  is  given  as 
well  as  0.111  Mev  (20%)5  and  for  UY,  0.302  Mev 
(44%),  0.216  Mev  (11%)  and  0.094  Mev  (45%).c 
A  hard  beta  radiation  (2.32  Mev),  is  superimposed 
on  this  soft  radiation,  due  to  the  daughter  product 
of  UX±  (UX2)  which,  with  a  half-life  of  1.14 
minutes,  practically  always  is  in  equilibrium  with 
UXi.  Therefore,  it  is  not  possible  to  measure  directly 
the  ratio  of  the  activities  sought,  and  one  has  to  go 
into  comparative  measurements. 

From  a  preparation  which  contains  UXi,  UX2 
and  UY,  the  measurements  do  not  bear  on  the  ab- 
solute activities  of  the  3  nuclides,  but  rather  on 
a  fraction  of  them.  This  fraction  depends  on  the 
measuring  device  used,  the  energy  of  the  radiation 
emitted  by  the  nuclides,  and  the  shape  and  thickness 
of  the  preparation  itself.  Designating  the  efficiency 
of  the  activity  detection  for  UXi  by  a,  for  UX2  by  f$ 
and  for  UY  by  y,  the  total  measured  activity  will  be  : 


aA  (UXX)  +  $A  (UXa)  +  y  A  (UY) 

Placing  a  sheet  of  aluminum  approximately  30 
mg/cm2  on  the  preparation  the  soft  radiation  of  UXx 
and  UY  is  completely  absorbed,  so  that  only  a 
fraction  8*/4(UX2)  of  the  absolute  activity  of  the 
UX2  is  measured.  If  the  preparation,  which  contains 
UXj,  UX2  and  UY,  is  measured  with  and  without 
an  aluminum  plate,  the  quotient  of  the  two  results  of 
the  measurements  will  be  : 
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+  M(UX2)  +  yA  (UY) 


If  ^(UX2)  =A(UXl),  since  UXX  and  UX2  are 
in  radioactive  equilibrium,  we  shall  have  : 


I 


4  (UXi) 

In  a  preparation  which  contains  UXi,  UX2  and 
UY,  UY  disintegrates  more  rapidly  than  UXi  so 
that,  at  the  end  of  the  week,  we  have  only  UXX  and 
UX2  in  this  preparation.  Computing  the  quotient  for 
this  preparation,  as  we  did  above,  we  get  : 


A4(UX,)  5 

The  difference  between  the  quotients 

Oi-0»=(K/*)-[^(UY)/^(UX)]      (2) 

gives  the  ratio  between  activities  sought,  multiplied 
by  factor  Y/S.  This  factor,  which  depends  on  the 
measuring  devices  used,  is  determined  with  natural 
uranium. 

DETAILS   OF   DETERMINATION 

The  U  sample  to  be  studied  is  dissolved  in  25% 
HC1  (approximately  10  gm  uranium). 

The   solution  must   not   contain   any   extraneous 
activities  or  oxidizing  substances. 

By  adding  a  few  milligrams  of  zirconium  as  a 
carrier,  the  various  isotopes  of  thorium  can  be 
precipitated  hot  with  sodium  hypophosphate  and 
filtered  using  a  colloidal  filter.  Precipitation  is  re- 
peated, again  adding  zirconium,  until  the  activity 
of  the  precipitate  corresponds  to  that  formed  in  the 
time  elapsed  between  the  last  two  precipitations. 
After  4  to  8  hours  (according  to  the  time  available), 
the  uranium  solution  is  divided  into  3  to  5  parts 
and,  from  each  part,  the  thorium  isotopes  again 
formed  in  the  meantime  are  separated.  In  order  to 
reduce  the  self-absorption  effect  in  the  preparation, 
only  0.1  mg  of  Zr  will  be  used  as  a  carrier  for  this 
precipitation,  which  does  not  have  to  be  quantitative. 
In  view  of  the  soft  radiation,  the  preparation  must 
be  measured  very  close  to  the  counting  tube,  so 
that  the  geometry  of  the  device  must  be  of  the 
readily  reproducible  type.  For  this  reason  is  placed 
on  the  40  mm  diameter  Buchner  funnel  customarily 
used,  a  glass  cylinder  21  mm  in  diameter  with  a 
ground  edge  and  a  ring  is  printed  (using  ink  of  the 
pad  type)  on  the  colloidal  filter  before  filtration.  In 
this  way,  when  the  filtration  is  carried  out,  the  limit 
of  the  precipitate,  itself  nearly  invisible,  will  be 
clearly  seen  through  the  glass.  The  colloidal  filter, 
which  is  still  wet,  is  fixed  over  an  opening  made  in 
a  sheet  of  lucite.  Upon  drying,  the  colloidal  filter 
is  completely  flat  and  the  colored  ring  is  not  de- 
formed, and  in  this  manner  the  preparate  can  be 
perfectly  centered.  It  is  not  necessary  to  fix  the 
precipitate,  for  in  such  small  quantities  as  in  this  case, 
it  adheres  perfectly  to  the  colloidal  filter. 


Following  drying,  the  precipitate  is  measured  very 
close  to  the  window  of  a  thin  window  bell  type 
counting  tube.  Since  UY  loses  2%  of  its  activity 
within  an  hour,  the  time  between  the  precipitation 
and  measurement  must  be  short  and  constant  for 
all  these  measurements.  For  a  low  U235  content,  the 
probable  statistical  error  should  not  be  any  greater 
than  0.5% ;  to  this  end,  it  is  necessary  to  take  ap- 
proximately 20,000  counts  each  time.  *The  preparation 
is  measured  consecutively  with  and  without  an  Al 
plate,  and  after  the  background  is  subtracted  and 
the  dead  time  correction  made,  the  quotient  of  the 
two  measurements  is  computed.  In  order  to  obtain 
accurate  results,  precipitation  and  measurement  are 
repeated  3  to  5  times. 

For  each  quotient,  the  value  corresponding  to  time 
t  =  0  is  obtained  by  extrapolation  with  the  help  of 
curve  1,  and  the  mean,  Qi,  of  these  values  is  then 
computed.  From  this,  one  must  subtract  the  quotient 
of  the  standards.  As  a  standard,  an  old  preparation 
may  be  used  (must  be  more  than  6  days  old),  or 
again  a  preparation  may  be  made  by  precipitating 
direct,  without  any  preliminary  purifying,  the  UXi, 
UX2  and  UY  from  a  uranium  solution  which  is  in 
a  radioactive  equilibrium.  The  standard  is  measured 
with  and  without  an  Al  sheet  at  the  beginning  and 
at  the  end  of  each  series  of  measurements.  It  must 
be  kept  in  a  dry,  dust  free  place,  and  must  be  pre- 
pared fresh  approximately  once  a  month. 

A  determination  is  then  made,  in  the  form  in- 
dicated, of  the  average  Q\  for  natural  uranium,  the 


Figure  1.  Increase  in  the  activity  of  UX  and  UY  in  natural  uranium 
as  a  function  of  the  time  elapsed  from  the  moment  of  purification 
of  uranium.  Curve  1  indicates  the  activity  of  UX,  curve  II  that 
of  UY  and  curve  III  the  ratio  of  the  activities  of  UX  and  UY  in 
natural  uranium 
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quotient  of  the  standard  is  subtracted,  and  the  char- 
acteristic constant  for  the  device  is  computed : 


for  natural  uranium  at  time  /  =  0. 

This  calibration  value  will  have  to  be  measured 
periodically  by  way  of  a  check-up  on  the  device. 

The  unknown  uranium  sample  is  studied  in  the 
same  fashion,  after  which  the  difference  Q^  —  Q»  is 
determined. 

The  absolute  activity  ratio,  between  UY  and 
according  to  Equation  2  is 


/KUY) 


-  (Qi  -  ft) 

7 


-4(UXO 

The  isotope  ratio,  therefore,  will  be : 
„        4(UX,) 


X  6.37  X 


X(UXi) 


=  144 


EXAMPLE  OF  THE  ANALYSIS  OF 
DEPLETED   URANIUM 

We  had  neither  enriched  nor  depleted  uranium  to 
try  out  the  method  described.  Since  all  the  methods 
in  existence  give  an  easier  determination  of  the  U28a 
content  of  an  enriched,  than  of  a  depleted  sample, 
the  most  interesting  value  of  the  method  is  in  its 
application  to  low  lT-:ir>  contents. 

A  depleted  uranium  sample  can  be  prepared  in 
the  following  way:  on  separating  the  isotopes  of 
thorium  from  once  purified  uranium,  not  as  in  the 
experiment  described  above  but  later  (i.e.,  shortly 
after  the  first  purification,  when  the  ratio  of  UY  and 
L'Xi  activities  is  still  large),  we  shall  have  a  smaller 
ratio  of  activities  similar  to  LJ-35  depleted  uranium  as 
processed  in  the  normal  way.  From  Fig.  2,  it  is 
possible  to  determine  the  time  which  should  elapse 
between  the  first  and  second  precipitation  in  order 
to  obtain  uranium  which  contains  1/1000,  2/1000 
and  up  to  7/1000  of  U*35. 


Isotopic  ratio 

1/1000 
2/1000 
3/1000 
4/1000 
5/1000 
6/1000 


Time  elapsed  between  the 
1st  and  and  precipitations 

323  hours 
138  hours 

82  hours 

50  hours 

29  hours 

14  hours 


If  the  thorium  isotopes  are  separated  from  a  series 
of  uranium  solutions,  each  in  two  stages  and  with 
different  time  intervals  between  the  first  and  second 
separation,  and  if  the  quotients  of  the  activities  are 
represented  as  a  function  of  the  time  intervals,  it 
will  be  possible  to  test  the  suitability  of  the  method 
for  a  comparison  of  the  results  so  obtained  against 
the  theoretical  curve.  The  points  represented  on 
Fig.  2  are  the  results  of  such  a  series  of  measure- 
ments, and  show  that  for  a  U235  depleted  uranium  it 
is  possible  to  differentiate  between  U285  contents  of 
0  and  \%,  and  \%  to  2%,  respectively. 
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Figure  2.  A(UY)/A(UXi)  for  natural   uranium  as  a  function  of  the 

time  for  the  two  daughter  products  to  form  again.  The  points  give 

the  results  of  a  model  test 

Should  this  be  necessary,  the  error  made  on  the 
measurement  can  be  reduced  further  by  using  a 
constant  dead-time  device,  and  by  increasing  the1 
number  of  control  measurement  from  which  the 
average  value  is  taken. 

DISCUSSION  OF  THE  PRECISION  OF  THE  METHOD 
FOR  ENRICHED  URANIUM  SAMPLES 

The  relative  error  with  which  the  quotient  of  the 
isotopes  is  obtained  will  be  all  the  greater  as  the  U2nri 
content  of  the  substance  is  smaller.  Therefore,  the 
quantity  of  uranium  to  be  analyzed  must  be  as  large 
as  possible  to  give  a  satisfactory  UY  activity. 

On  the  other  hand,  in  order  to  analyze  enriched 
uranium,  it  is  possible  to  work  with  smaller  quan- 
tities, and  the  relative  error  can  be  decreased  down 
to  2%. 

Now,  by  way  of  example,  a  discussion  is  given 
below  of  the  analysis  of  a  uranium  sample,  the  U-35 
content  of  which  is  30%.  Before  the  substance  men- 
tioned is  analyzed,  the  equipment  must  be  calibrated 
with  natural  uranium;  this  can  be  done  with  10  gm 
of  uranium  approximately,  divided  into  3  parts  fol- 
lowing the  first  purification.  If  separation  is  made  7 
hours  later,  one  obtains  approximately  2000  cpm  of 
the  activity  which  pertains  to  UX2.  This  value  cor- 
responds to  a  measurement  with  an  absorption  sheet, 
without  which  one  would  obtain  about  5000  cpm 
which  would  correspond  to  activities  of  UXi,  UX2 
and  UY.  Making  a  half  hour  measurement,  quotient 
<2i  is  obtained  with  an  accuracy  of  0.7%.  Experience 
has  shown  that  the  additional  errors  which  affect  the 
results  are  of  the  same  order.  By  repeating  the  meas- 
urement three  times,  the  error  can  be  reduced  to  \%. 
It  is  necessary  to  work  with  a  very  active  standard 
so  that  the  measuring  take  little  time  and  can  be 
repeated  many  times.  The  values  so  obtained  vary 
by  1%.  The  factor  y/8,  which  is  the  difference  of 
the  two  quotients,  is  obtained  with  an  accuracy  of 
3%.  The  size  of  this  error  will  be  understood,  allow- 
ing for  the  fact  that  the  efficiency  of  a  G-M  tube  must 
be  measured  for  a  very  soft  radiation. 
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The  error  can  be  reduced  by  using  for  calibration, 
an  enriched  uranium  solution  the  U235  content  of 
which  is  exactly  known.  A  solution  of  3  gm  uranium 
with  5%  U2;w  is  recommended.  After  the  first  puri- 
fication, the  calibration  solution  is  divided  into  3 
equal  parts  which  each  give  at  the  end  of  24  hours, 
6000  cpm  and  1300  cpm,  measured  with  and  without 
absorbing  plates  respectively. 

Quotient  Qs  is  determined  from  the  three  prepara- 
tions with  an  accuracy  of  1%.  This  gives  an  error, 
for  factor  y/8,  of  1.3%. 

The  essential  problem  in  the  analysis  of  enriched 
uranium  does  not  reside  in  an  artificial  increase  in 
the  activity  coefficient  of  UY  and  UXi,  since  this 
coefficient  in  the  case  of  uranium  containing  30^ 
of  U28n  is  44.2  immediately  after  the  first  purifica- 
tion, 33.7  after  one  day,  26.15  at  the  end  of  two  days, 
and  finally  1.93  under  conditions  of  equilibrium. 

This  means  that  the  error  in  the  analysis  does  not 
depend  on  the  time  elapsed  between  the  two  purifica- 
tions, 1ml  rather  on  the  error  in  the  measurement 
of  the  denominator,  conditioned  by  the  activity  of 
I'Xo  which  must  be  sufficiently  large. 

The  error  in  the  standard  which  greatly  influences 
the  analysis  of  depleted  uranium  is  not  very  signifi- 
cant in  the  case  of  an  activity  coefficient  greater 
than  5. 

Using  a  total  quantity  of  1  gm  of  uranium  sample 
which  will  be  used  for  3  simultaneous  measurements, 
and  separating  for  the  second  time  24  hours  after 
the  first  separation,  we  obtain  approximately  800  cpm 
of  activity  which  correspond  exclusively  to  UXa, 
while  the  activity  going  with  1TX],  UXL>  and  UY  is 
approximately  30,000  cpm.  \Yith  these  activities,  it 


is  easy  to  determine  Qi  within  1%.  In  the  case  of 
calibration  with  natural  uranium,  a  3.5%  contribu- 
tion is  made  to  the  error  in  the  isotopic  valuation, 
and  a  2%  error  where  enriched  uranium  has  been 
used  for  the  calibration. 

For  a  much  smaller  quantity,  for  instance  10  mg, 
the  isotopic  coefficient  of  which  must  be  determined, 
it  is  necessary  to  wait  longer  for  ji  satisfactory  UXi 
activity  to  be  formed;  7  mg  of  U238  gave  after  5 
days,  100  cpm,  while  after  the  same  period,  3  mg 
of  U235  produced  more  than  1000  cpm.  The  corre- 
sponding quotient  can  be  determined  within  2%. 
Waiting  until  the  second  preparation  is  made,  in 
order  for  simultaneous  measurements  to  be  possible, 
the  error  can  be  brought  down  to  1%. 

Since  use  is  made  of  natural  uranium,  it  has  not 
been  possible,  until  now,  to  obtain  experimental  data 
on  the  analysis  of  enriched  uranium. 
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Determination  of  Microgram  and  Submicrogram 
Quantities  of  Thorium  by  Neutron 
Activation  Analysis 

By  G.  W.  Leddicotte  and  H.  A.  Mahlman,*   USA 


The  high  neutron  intensities  found  in  a  chain- 
reacting  pile,  such  as  the  Oak  Ridge  National  Labor- 
atory graphite  reactor  make  it  possible  to  determine 
small  amounts  of  most  of  the  stable  elements  by  the 
neutron  activation  analysis  method.1  In  this  method, 
the  stable  isotope  (s)  of  an  element,  when  bombarded 
by  the  neutrons  of  the  reactor,  will  produce  an 
artificial  radioisotope  (or  radioisotopes)  of  that  ele- 
ment. The  radionuclide(s)  usually  formed  in  the 
greatest  abundance  are  those  produced  by  the  n,  y 
reaction,  the  simple  neutron  capture  process.  In 
this  process,  upon  capture  of  the  neutron,  gamma 
rays  are  emitted  and  the  primary  radionuclide  pro- 
duced has  the  same  atomic  number  as  the  stable 
element  undergoing  the  nuclear  reaction. 

The  usual  techniques  followed  after  the  discharge 
of  the  sample  from  the  reactor  employ  a  radiochem- 
ical  separation  of  the  radionuclide  (s)  and  a  measure- 
ment of  the  separated  radioactivity  by  some  type  of 
counter.2"7  The  concentration  of  the  stable  element 
in  the  sample  is  usually  calculated  by  comparing  the 
radioactivity  of  the  sample  with  the  radioactivity  of 
a  comparator  sample  containing  a  known  amount  of 
the  element.  In  certain  analyses,  a  chemical  separa- 
tion is  not  necessary  and  the  radioactivity  of  the 
radionuclide  (s)  of  interest  can  be  determined  by 
ascertaining  the  energy  of  the  emitted  particle  and/or 
by  decay  measurements.7  The  limits  of  detection  for 
the  neutron  activation  analysis  method  are  usually 
in  the  range  of  1.0  to  0.00001  parts  per  million  or 
less.1 

THE  DETERMINATION  OF  THORIUM  BY  NEUTRON 
ACTIVATION  ANALYSIS 

Microgram  and  submicrogram  amounts  of  thorium 
can  be  determined  in  synthetic  materials,  ores,  clays 
and  mud  from  river  bottoms  by  neutron  activation 
analysis.  The  nuclear  reaction  used  in  these  assays  is 


Th232 


-  Pa*33  (27  A  d)         (1) 

23.3  min 


In  this  reaction,  the  formation  of  Th233  in  the  neutron 
bombardment  is  accompanied  by  the  growth  of  Pa283 
from  the  Th283  previously  formed.  If  the  intensity  of 
the  neutron  flux  of  the  reactor  is  assumed  to  be  con- 

*  Oak  Ridge  National  Laboratory. 


stant,  then  the  production  of  Th233  in  an  irradiation 
is  given  by  the  equation 


=  NfvS 


(2) 


where  AI  is  the  Th233  activity  in  disintegrations  per 
second,  N  is  the  number  of  Th233  atoms  being  irradi- 
ated, /  is  the  flux  in  neutrons/cm2/second,  and  A  is 
the  activation  cross  section  of  Th232  in  cm2.  5*  is  the 
"saturation"  factor  1  —  *rx*,  or  the  ratio  of  the  amount 
of  Th233  radioactivity  produced  in  time  t  to  that  pro- 
duced in  infinite  time.  The  decay  constant,  A,  is 
related  to  the  half-life  of  the  radionuclide  (Th233 
in  this  instance)  produced  (A  =  0.693  per  half-life). 
The  growth  of  Pa233  during  the  irradiation  is 
given  by  the  equation 


A2    — 


x 


-  x,  - 


(3) 

where  A*  is  the  disintegration  rate  of  the  Pa-33  after 
an  irradiation  of  time  fi,  A2  is  the  decay  constant  of 
Pa233  (27.4  d),  and  C  is  the  fraction  of  Th233  disin- 
tegrations which  results  in  the  direct  formation  of 
Pa233.  Since  the  half-life  of  Th233  (23.3  min)  is  so 
short,  essentially  all  of  the  radioactivity,  following  a 
decay  of  4.5  hours  after  a  sample  was  discharged 
from  the  reactor,  would  be  Pa233. 

As  Pa233  decays,  it  emits  both  beta  and  gamma 
radiations.  The  radionuclide  has  thirteen  gamma 
quanta,8  with  an  energy  range  of  0.029-0.416  Mev, 
which  can  be  conveniently  detected  by  means  of  a 
gamma  scintillation  counter  having  a  sodium  iodide 
(thallium-activated)  crystal.9 

The  disintegration  rate  of  Pa233  measured  by 
gamma  counting  is  directly  proportional  to  the  initial 
amount  of  Th232  in  the  sample.  The  amount  of 
Th232  can  be  calculated  by  considering  the  neutron 
flux  at  which  the  sample  was  irradiated  and  the 
decay  scheme  of  the  radioisotope  produced.  The  flux 
intensity  may  be  determined  by  exposing  a  monitor 
containing  an  element  of  known  activation  cross 
section  and  half-life  at  the  same  time  and  in  the 
same  position  in  the  reactor. 

A  more  simple  and  accurate  method  involves  the 
simultaneous  irradiation  of  a  known  amount  of 
thorium  along  with  the  unknown  samples.  The  Pa238 
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radioactivity  isolated  from  the  thorium  comparator 
and  from  the  unknown  sample  is  corrected  to  some 
convenient  time  to  eliminate  any  error  due  to  decay, 
and  the  simple  proportion  shown  below  is  used  to 
calculate  the  thorium  concentration  of  the  unknown. 

Weight  of  thorium  in  sample  = 

Activity  of  Pa2n3  per  unit  weight  of  thorium 
in  comparator 

Activity  of  Pa233  in  sample 

(4) 

Since  the  activation  cross  section  of  thoriimi-232 
for  thermal  neutrons  is  high,  the  flux  depression,  i.e., 
"self-shadowing,"  at  the  center  of  the  sample  has 
heen  recognized.  In  this  effect,  the  number  of  neu- 
trons striking  a  thick  target  of  thorium  will  be  less 
than  that  at  the  outside  of  the  sample.  Thus,  the 
number  of  neutrons,  j,  bombarding  a  point  at  a  dis- 
tance AX  from  the  outside  of  the  target  can  be  de- 
termined by  the  equation  :10 


where  /0  is  the  number  of  neutrons  bombarding  the 
outside  of  the  target,  o-  is  the  cross  section  of  thorium 
in  ctrr/^tom  and  Nx  is  the  density  of  the  sample  in 
atoms/cm3. 

The  average  number  of  neutrons  to  which  the 
sample  was  exposed  can  be  obtained  by  integrating 
Equation  5  between  the  limits  0  and  A.Y.  This  cor- 
rection for  self  shadowing  is  negligible  in  the  analy- 
ses reported  below,  since  the  solid  samples  were 
irradiated  in  quartz  tubing  of  4.0  millimeters  internal 
diameter,  and  the  neutron  attenuation  was  approx- 
imately the  same  for  each  of  the  samples. 

THE  ANALYSIS  OF  SAMPLES  CONTAINING  THORIUM 
BY  NEUTRON  ACTIVATION  ANALYSIS 

Irradiation  of  Sample  Materials 
Solid  Samples 

Weighed  portions  of  the  sample  and  of  the  com- 
parator sample  (as  thorium  nitrate)  are  placed  into 
small  quartz  tubes,  0.75  inch  long  X  6.0  millimeters 
in  diameter  (4  mm  id).  The  tubes  are  capped  with  a 
cork  stopper  wrapped  in  2S  aluminum  and  placed  in 
an  irradiation  container.  The  irradiation  is  made  for 
some  predetermined  time,  dependent  upon  the  es- 
timated concentration  of  the  thorium  present  and  the 
sample  size.  After  discharge  from  the  reactor,  the 
irradiated  samples  are  allowed  to  decay  4.5  hours 
before  being  chemically  processed  by  the  basic  method 
described  below. 

Liquid  Samples 

Aliquots  from  the  sample  and  a  solution  of  the 
thorium  comparator  are  pipetted  into  polyethylene 
bottles  (0.5-1.0  ounce).  The  bottles  are  placed  into 
a  suitable  irradiation  container  and  irradiated  for 
some  predetermined  time.  After  discharge  from  the 
reactor,  the  irradiated  samples  are  allowed  to  decay 
at  least  4.5  hours  before  being  chemically  processed 
as  described  below. 


Chemical  Processing  of  Irradiated  Samples 

Several  types  of  chemical  separation  schemes  may 
be  used  to  isolate  the  Pa238  radioactivity  to  free  it 
from  all  the  other  radioactive  species  produced  in 
the  irradiation  of  the  sample.  The  method  developed 
by  Moore11  proved  applicable  with  slight  modifica- 
tion to  the  analyses  reported  belcw. 

Under  normal  conditions  in  the«  activation  analysis 
method,  the  desired  radioelement  is  separated  from 
contaminant  radioactivities  by  carrying  it  through  a 
chemical  processing  procedure  in  which  a  known 
amount  of  the  natural  inactive  element  is  added  as 
an  "isotopic  carrier"  for  the  induced  radionuclide(s) 
of  interest.  The  same  amount  of  carrier  is  added  to 
the  solutions  of  both  the  specimen  and  the  compar- 
ator. Losses  of  the  carrier  and  of  the  radionuclide  in 
the  chemical  processing  can  be  compensated  for  by 
determining  the  yield  uf  the  separated  carrier. 

Pa233,  while  having  a  convenient  half-life  for  a 
radiochemical  separation,  has  the  disadvantage  of 
not  having  a  stable  isotope  which  can  be  used  as  an 
isotopic  carrier.  However,  Moore11  has  shown  that 
diisobutylcarbinol  can  be  used  to  separate  protactin- 
ium quantitatively  from  other  elements  by  extraction 
from  aqueous  solutions  of  either  dilute  nitric  acid 
or  hydrochloric  acid. 

Tn  the  basic  chemical  separation  procedure  con- 
sidered below,  it  was  assumed,  in  all  instances,  that 
uranium  was  present  in  the  sample.  Since  radioniobi- 
um  (Nb95)  is  formed  in  the  uranium  fission  process 
and  will  extract  in  the  hydrochloric  acid-diisobutyl- 
carbinol  system,  it  was  necessary  to  add  oxalic  acid  to 
complex  the  niobium.  In  those  instances  where  it  was 
felt  that  serious  interferences  could  be  had  from  the 
gross  amounts  of  radioactivity  induced  in  the  matrix 
elements  or  contaminant  elements  of  a  sample,  it 
was  possible  to  eliminate  these  interferences  by  the 
use  of  "scavenging"  or  holdback  carriers  in  the  basic 
separations  procedure.  These  carriers  were  usually 
introduced  as  solutions  of  a  few  milligrams  of  inactive 
element (s)  into  the  various  steps  of  the  procedure  as 
required.  In  all  the  analyses  reported,  the  interfer- 
ences from  other  radioelements  were  negligible. 

The  Assay  of   Irradiated  Samples 

The  basic  separation  procedure  used  in  this  work 
was  as  follows: 

The  solid  sample  was  discharged  from  the  quartz 
ampoule  into  a  platinum  dish  and  equal  amounts  of 
concentrated  nitric,  perchloric,  hydrofluoric  and  sul- 
furic  acids  (one  milliliter  of  each)  were  added.  The 
mixture  was  digested  upon  a  hot  plate  at  low  heat 
until  the  sample  was  completely  in  solution.  Since 
hydrofluoric  acid  will  interfere  in  the  analysis,  addi- 
tional 1  ml  aliquots  of  sulfuric  acid  were  added  to 
the  solution  and  the  solution  concentrated  at  least 
twice  to  dense  sulfuric  acid  fumes.  In  the  clay  and 
mud  samples,  sufficient  copper  was  present  to  be 
precipitated  as  CuSO4.  This  precipitate  could  be 
dissolved  by  cautiously  adding  water  and  gently  heat- 
ing the  mixture.  After  transfer  of  the  solution  to  a 
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Table  I.     Determination    of  Thorium    in    Synthetic 
Mixtures  by  Neutron  Activation  Analysis 


Solutions 


Ores 


Thorium 

Thorium  taken 

Thorium  found 

concentration 

Thorium  found 

0.100  Mgtn 

0.110  Mgm 

10.0  /xgm 

10.0  Mgm 

(per  ml) 

0.095 

9.9 

0.100 

10.2 

0.105 

9.7 

0.100 

10.1 

0.100 

10.0 

60-ml  separatory  funnel,  the  solution  was  treated  as 
in  *  below. 

Aliquots  of  the  aqueous  samples  were  pipetted 
into  a  centrifuge  tube  and  evaporated  to  dry  ness.  The 
solids  were  dissolved  in  6ff  hydrochloric  acid  and  the 
solution  transferred  to  a  60-ml  separatory  funnel. 
This  solution  was  treated  as  in  *  below. 

The  comparator  samples  were  dissolved  in  2N 
nitric  acid  and  diluted  to  a  known  volume  with  addi- 
tional 2N  nitric  acid.  Aliquots  from  these  dilutions 
were  pipetted  into  a  centrifuge  tube  and  processed 
in  the  same  manner  as  the  aqueous  samples. 

*A  sufficient  amount  of  concentrated  11  Cl  and 
saturated  oxalic  acid  was  added  to  the  solution  in 
the  scparatory  funnel  to  make  the  solution  6AT  in 
hydrochloric  acid  and  4%  in  oxalic  acid. 

An  equal  volume  of  diisobutylcarbinol  equili- 
brated with  6N  i  IC1  was  added  to  the  mixture  and  the 
protactinium  extracted  by  mechanical  shaking.  (Un- 
less indicated,  the  time  for  extraction  was  for  a 
period  of  ten  minutes.) 

After  the  extraction,  the  phases  were  allowed  to 
separate  and  the  aqueous  fraction  drained  off  and 
discarded. 

The  organic  phase  was  washed  twice  with  a  solu- 
tion of  equal  volumes  of  4%  oxalic  acid  and  6.V  HC1. 
The  washings  were  accomplished  by  mechanical 
shaking.  In  each  instance,  after  the  two  phases  had 
separated,  the  aqueous  fraction  was  drained  off  and 
discarded. 

An  equal  volume  of  8%  oxalic  acid  was  added  to 
the  organic  fraction  and  the  protactinium  extracted 
by  mechanical  shaking.  After  the  two  phases  had 
separated,  the  aqueous  layer  was  transferred  to  a 
new  separatory  funnel  and  the  organic  layer  dis- 
carded. 

The  organic  layer  was  diluted  with  an  equal  vol- 
ume of  concentrated  hydrochloric  acid,  and  an  equal 
volume  of  diisobutylcarbinol  was  added  and  the  ex- 
traction repeated. 

After  the  phases  had  separated,  the  aqueous  layer 
was  drained  off  and  discarded.  The  organic  layer 
was  transferred  to  a  centrifuge  tube  and  the  mixture 
centrifuged  at  full  speed  for  five  minutes. 

After  the  centrifugation,  aliquots  were  pipetted 
from  the  organic  phase  into  a  suitable  container  for 
a  radioactivity  measurement. 

The  gamma  radioactivity  of  the  samples  was  de- 
termined by  means  of  a  gamma  scintillation  counter 


having  a  sodium  iodide  (thallium  activated)  crystal. 
The  radiations  were  further  characterized  by  means 
of  a  gamma  spectral  analysis  using  a  gamma  scintil- 
lation spectrometer  and  half-life  determinations. 

The  comparator  sample  was  treated  in  the  same 
manner  as  described  above.  The  weight  of  thorium 
in  the  specimen  was  then  calculated  as  shown  in 
Equation  3.  Corrections  were  made  for  the  volume 
of  diisobutylcarbinol  used  and  the  weights  of  the 
sample  materials. 

RESULTS 

The  synthetic  samples  used  to  test  the  procedure 
were  of  two  types:  (a)  solutions  and  (/?)  synthetic 
ore  mixtures.  The  solutions  were  prepared  from 
commercially  pure  thorium  nitrate  crystals.  The  ore 
mixtures  were  composed  of  monazite  and  dunnite. 
These  materials  were  irradiated  and  processed  by  the 
techniques  described  above.  Typical  data  obtained  in 
these  types  of  material  are  given  in  Table  I . 

Table  IT  reports  on  the  determination  of  thorium 
in  dried  samples  of  mud  originating  from  river  bot- 
toms. The  samples  were  irradiated  and  chemically 
processed  as  described  above. 

Similar  results  were  obtained  in  the  assay  of  a 
series  of  clay  samples  by  the  same  techniques.  Typical 
data  obtained  in  these  analyses  are  reported  in  Table 
IIT. 

CONCLUSIONS 

From  the  results  reported  above,  it  is  felt  that  the 
neutron  activation  analysis  method  is  capable  of  being 
a  specific,  sensitive  and  precise  method  of  analysis 
for  determining  small  amounts  of  thorium  in  a  variety 
of  materials.  The  limit  of  detection  of  thorium  by 
this  method  is  somewhat  lower  than  that  obtained 
by  other  methods  of  analysis.  This  limit  is  a  function 
of  the  number  of  neutrons  bombarding  the  sample, 
the  length  of  the  irradiation  period  and  the  efficiency 
of  the  counter  used  in  measuring  the  radioactivity. 
Most  of  the  results  reported  below  were  obtained 
after  a  4-hour  irradiation  of  the  samples  in  a  neutron 
flux  of  6  X  10n  neutrons  per  square  centimeter  per 
second.  The  counting  rates  obtained  in  the  gamma 
scintillation  counter  were  of  the  order  of  1O"  gamma 

Table  II.     Determination  of  Thorium  in  River  Mud 
by  Neutron  Activation  Analysis 


Sample 

7  hortum  concentration,  nn'irograms/aram 

1 

30.6; 

28.7; 

30.8; 

31.9 

2 

35.3; 

30.2; 

34.7; 

31.3 

3 

34.2; 

32.4; 

33.0 

Table  III.     Determination   of  Thorium   in   Clay   by 
Neutron  Activation  Analysis 


Sample 

Thorium  concentration,   microgramx/aram 

1 
2 
3 
4 

42.3;  43.1;  40.3 
63.2;  65.1;  60.8 
69.3;  71.0;  70.7 
53.0;  51.4;  47.5 
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counts  per  minute  per  microgram  of  thorium.  Assum- 
ing that  good  statistics  for  the  measurement  of  the 
Pa233  radioactivity  could  still  be  obtained  at  a  count- 
ing rate  of  103  gamma  counts  per  minute,  the  limit 
of  detection  could  be  minimized  at  0.01  microgram  of 
thorium  for  the  same  irradiation  and  analysis  con- 
ditions. Increased  sensitivity  can  be  obtained  by 
irradiating  for  longer  periods  of  time  and  at  higher 
neutron  fluxes. 
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Polarography  of  Uranium:  Polarographic  Determination  of 
Uranium  in  Ores  without  Preliminary  Chemical  Separation 

By  Milenko  V.  §u£i<,*  Yugoslavia 


Polarographic  investigations  of  uranium  which 
were  done  by  several  authors,  using  different  sup- 
porting electrolytes,1"5  have  shown  that  it  is  possible 
to  determine  uranium  by  polarographic  methods.  The 
uranyl  ion  is  reduced  at  the  mercury  electrode  to 
lower  oxidation  states  and  at  the  same  time  polaro- 
graphic waves  are  formed.  The  process  of  reduction 
at  the  electrode  depends  on  the  type  of  supporting 
electrolyte  and  the  pH  value.  Complex- forming  and 
non-complex-forming  electrolytes  were  used  in  acidic 
and  alkaline  medium.  Uranium  was  determined  from 
pure  solutions  or  from  mixtures  with  other  elements. 
The  investigations  of  some  new  supporting  electro- 
lytes, performed  in  our  laboratory,6  have  shown  that 
these  electrolytes  are  very  convenient  for  the  de- 
termination of  uranium  alone,  or  in  presence  of 
other  elements.  The  ascorbic  acid  electrolyte  deserves 
special  attention.  Its  reducing  and  complex- forming 
capacities  permit  the  determination  of  uranium  in 
the  presence  of  a  considerable  excess  of  other  ele- 
ments and  also  in  ores,  without  preliminary  separa- 
tion. Investigations  were  made  with  acidic  and  alka- 
line ascorbic  electrolyte. 

EXPERIMENTAL 
Apparatus  and  Reagents 

The  polarographic  measurements  were  made  on 
the  polarograph  Radiometer,  Copenhagen,  type  PO3e 
and  Cambridge  Polarograph,  Pen  Recording  Type. 
The  pH  values  of  the  solutions  were  measured  with 
a  Philips  pH-meter  GM.  The  temperature  was 
maintained  at  the  desired  level  with  a  thermostat. 
The  fluctuations  of  the  temperature  were  rt  0.1°C. 
A  saturated  calomel  electrode  (SCE)  was  used  as 
reference  electrode.  In  the  greater  part  of  the  ex- 
periments, the  polarization  rate  of  the  dropping  elec- 
trode was  0.1  v  per  17.4  sec,  and  the  time  of  dropping 
was  about  3  seconds.  We  used  distilled  and  anodically 
purified  mercury.  The  standard  solutions  of  uranium 
were  made  from  U3O8,  obtained  from  uranium  solu- 
tions purified  by  ether  extraction.  The  purity  of 
ascorbic  acid  was  according  to  "Merck"  standards; 
other  reagents  used  were  either  "Merck"  or  "pro 
analysis". 

The  diffusion  current  was  measured  and  corrected 
for  the  residual  current. 
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Quality  of  Uranium  Wave  as  a  Function  of  pH 

The  polarographic  behaviour  of  uranium  and  the 
elements  accompanying  uranium  in  ores  was  de- 
scribed previously.7  The  ascorbic  electrolyte  was 
used  and  the  dependence  on  pH  values  given.  We 
have  also  described  a  method  for  the  direct  deter- 
mination of  uranium  in  ores.8  This  report  deals  with 
detailed  investigations  of  the  polarographic  deter- 
mination of  uranium  in  ores,  using  an  acidic  or 
alkaline  ascorbic  supporting  electrolyte,  and  with  the 
reduction  of  the  uranyl-ascorbic  complex  on  the 
dropping  electrode. 

Studying  the  uranium  waves  in  the  pH  range 
from  1  to  9.5,  it  was  found  that  at  pH  <  2,  waves 
possess  a  certain  residual  current  (for  a  uranium 
concentration  <  1  X  10~5  gm/ml).  An  increase  of 
pH  produces  a  decrease  of  the  residual  current  which 
disappears  at  pi  I  >  3.5.  The  residual  current  at  low 
pll  values  is  caused  by  the  presence  of  traces  of 
oxygen  which  can  not  be  completely  removed  with 
nitrogen.  At  pH  >  3.5  it  is  not  necessary  to  remove 
oxygen  with  inert  gases,  since  the  supporting  elec- 
trolyte itself  reacts  quantitatively  with  oxygen.  This 
permits  the  formation  of  excellent  uranium  waves  at 
pll  >  3.5. 

By  measuring  the  diffusion  current  at  different 
pH  and  known  concentrations  of  uranium,  it  was 
found  that  i,,/C-  K  at  pll  =  1-9.5.  This  shows  that 
uranium  can  be  determined  in  acidic  as  well  as  in 
alkaline  ascorbic  supporting  electrolyte.  Because  of 
the  complete  absence  of  oxygen,  one  obtains  well 
formed  waves  for  the  uranium  concentration  of 
2  X  10~ft  gm/ml,  which  is  the  maximum  sensitivity 
of  Cambridge  Polarograph. 

The  change  of  half- wave  potential  of  uranyl  ion 
in  the  ascorbic  supporting  electrolyte  as  a  function 
of  pH,7  shows  that  for  the  same  concentration  of 
supporting  electrolyte,  a  change  of  pH  brings  about 
a  change  of  the  composition  of  the  complex.  This 
can  be  seen  by  observing  the  colours  of  the  complex 
in  acidic  and  alkaline  media. 

The  Analysis  of  Waves.  Reversibility  of  Electrode 
Reaction  1,2 

By  the  analysis  of  the  anodic-cathodic  wave  of 
the  mixture  U(VI)  and  U(V)-complex,  that  of 
the  cathodic  wave  of  the  uranyl  ion  complex,  and 
by  other  methods,  it  was  found  that  the  reduction 
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of  the  uranyl-ascorbic  complex  to  U(V),  at  the 
dropping  mercury  electrode,  is  reversible.  This  was 
established  by  the  following  experiments: 

A  cell  which  can  be  used  for  electrolysis  and 
polarographic  investigations  was  made  in  a  shape 
somewhat  different  from  that  used  by  Kraus  and 
collaborate  rs.9'10*11  The  volume  of  the  cell  was 
10-20  ml.  Instead  of  mercury  we  used  platinum  as 
the  anode,  while  the  cathode  was  made  of  a  tungsten 
plate.  The  anodic  and  cathodic  space  are  separated 
by  saturated  KCl-agar  gel  electrolytic  bridge.  The 
end  of  the  bridge  is  somewhat  wide  and  serves  as  the 
anodic  space.  On  "the  side,  the  bridge  is  connected 
to  the  cell,  and  when  the  polarogram  is  being 
recorded,  the  saturated  calomel  electrode  is  con- 
nected to  it.  The  dropping  electrode  is  dipped  into 
the  cell,  and  the  mercury  which  drops  from  it  falls 
into  a  draining-off  side  tube,  and  so  leaves  the  cell. 

Uranium  (VI),  in  0.1-0.005  AT  chloride  or  sulphate 
solution  (pH  2.7-3)  is  placed  in  such  a  vessel.  The 
solution  is  electrolysed  with  3-5  ma  and  —0.5  to 
—  0.6  v  cathode  potential  vs  SCE.  When  enough 
U(V)  is  produced,  the  electrolysis  is  stopped  and 
the  polarographic  circuit  switched  on.  An  anodic- 
cathodic  wave  is  obtained,  which  shows  the  reversi- 
bility of  the  reduction  and  oxidation  of  U(VI)  and 
U(V)  in  chloride  and  sulphate  solutions.  Ascorbic 
acid  is  now  placed  in  this  solution  which  then  shows 
the  characteristic  colour  of  the  uranium-ascorbic 
complex.  The  polarogram  obtained  shows  the  anodic- 
cathodic  wave  of  the  redox  process  of  the  U(VI)  <F* 
U(V)  -complexes.  During  the  whole  experiment  the 
solution  is  isolated  from  air  by  the  use  of  nitrogen. 

The  resulting  anodic-cathodic  wave  has  the  same 
half-wave  potential.  The  plotted  values  of  E,  i,  (i&)w 
(ia)0  show  that  the  relation  between  E  and  log 
[i  —  (»rf)o]/[(t<i)o  —  f]  is  given  by  a  straight  line 
with  the  slope  equal  to  0.0603  v.  E  is  the  potential 
of  the  dropping  electrode,  i  is  diffusion  current  at 
the  potential  Ef  (id)  a  is  the  anodic  diffusion  current, 
(id)o  is  the  cathodic  diffusion  current.  The  ratio 
£/log[t/(i«i  —  i)]  for  the  cathodic  wave  has  the 
slope  value  equal  to  0.061  v. 

According  to  Tomes12  the  reversible  processes  are 
those  which  have  the  potential  difference  E  %  — 
Ey^  of  dropping  electrode  equal  to  —0.056  v.  The 
currents  corresponding  to  these  potentials  are  3Jd/4 
and  ij/4,  respectively.  When  these  considerations 
were  applied  to  the  cathodic  wave  of  the  uranyl-as- 
corbic complex,  it  was  found  that 
—0.0564  v.  The  measurements  of  £% 
ferent  temperatures  (18°,  25°,  29°C)  gave  values 
close  to  —0.056  v.  The  formation  of  an  anodic- 
cathodic  wave  of  the  mixture  U(VI)-  and  U(V)- 
complex,  the  values 


—  Ey  at  dif- 


all show  that  the  electrode  process  is  reversible  and 
that  only  one  electron  is  exchanged. 

Since  the  half-wave  potential  of  the  uranyl  ion 
complex  depends  on  the  dissociation  constant  of  the 
complex,  we  measured  the  shift  of  half -wave  poten- 
tial as  a  function  of  the  concentration  of  ascorbic 
ions.  From  the  experimental  data  and  the  equation 


A  log  Cx 


).0591 


(1) 


we  determined  the  difference  of  coordination  num- 
bers, p  —  q,  of  the  U  ( VI )  -  and  U  (V)  -complexes.  The 
curve  showing  the  experimental  values  of  E^  as  a 
function  of  log  Cx>  Cx  =  the  concentration  of  ascorbic 
ions,  is  a  straight  line  with  a  slope  equal  to  0.056  v, 
so  that  Equation  1  becomes 


-  0.056  =  - 


3.0591 


From  this  we  concluded  that  p  —  q  is  very  close  to 
unity,  since  it  was  shown  earlier  that  a  =  1. 

The  pK  of  ascorbic  acid  at  25°C,  and  the  ionic 
strength  /i  =  0.2  is,  according  to  the  measurements 
of  Gal,13  equal  to  4.06.  For  that  reason  the  measure- 
ments of  the  shift  of  the  half-wave  potential  as  a 
function  of  the  concentration  of  ascorbic  acid  were 
done  at  pH  =  4.06,  ionic  strength  p.  =  0.2  and  25°C. 
The  experiments  were  performed  in  the  following 
way: 

The  uranium  waves  were  first  obtained  in  0.2M 
NaClO.1,  and  then  the  concentration  of  perchlorate 
decreased,  while  that  of  ascorbinate  was  increased, 
taking  care  that  pH  =  4.06,  //,  =  0.2  and  the  tem- 
perature kept  at  25°C.  The  polarisation  rate  of  the 
dropping  electrode  is  0.03  v/17.4  sec,  or,  in  other 
words,  1  cm  of  radiometer  polarographic  paper  cor- 
responds to  0.03  v.  The  measurements  of  £%  and 
C.r,  under  the  above  mentioned  conditions,  gives  the 
following  results  (see  Table  I). 

The  reduction  of  the  simple  uranyl  ion  at  the 
dropping  electrode  can  be  represented  by  the  follow- 
ing equation 

Mn+  +  a-ci=±M(»-")+  (2) 

while  the  reduction  of  the  complex  uranyl  ion  is 
given  by 


(p  -  q)X~b  (3) 

M  denoting  the  uranyl,  and  X  the  ascorbic  ion. 

By  subtracting  the  first  equation  from  the  second, 
one  obtains  tht  final  equations  of  the  reversible 
electrode  process: 


and 


F    —  F 

^         ^ 


(4) 

The  normal  potential  of  the  redox  process  of 
U  (  VI  )  ^±U(V)  -complex  in  ascorbic  solution,  at 
pH  4.06,  was  determined  from  the  shift  of  half-wave 
potentials  of  the  uranyl  complex,  for  different  con- 
centrations of  ascorbate,  Co,,  and  from  the  half-wave 
potential  of  the  simple  uranyl  ion  in  a  perchlorate 
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Table  I 


Avtrage 


-O.204  -0.264  -0.288  -0.307 

-2.602  -1.5228  -1.00  -0.6989 

0.06         0.085       0.1035  0.018 

-1.08  -1.60  -1.90  -0.301 

0.056       0,053       0.054  0.06        0.0558 


log  Cx 
A  E  4 
AlouC* 

A  R  *  - 
A  log  C  * 


0.95 


0.89 


0.92 


1.01        0.94 


-0.12       -0.115     -0.108     -0.109    -0.11  =t    9<t'0 
-0.17       -0.165     -0.158     -0.159    -0.16  ±    4% 


A.  or 


X  10s 


1.47 


1.78 


2.27         2.20        1.93  =fc  24% 


solution.  The  experimental  values  of  (Kyjc,  (Ey)a 
and  C*,  where  c  denotes  the  complexing  and  ,$•  the 
simple  ion,  taken  into  the  equation 

(£%)r  -  (EH)*  =  E«Q-/i°  -  (^p)  °-0591  '°8  ^ 

(5) 

give  the  value  of  Cr°,  in  the  ascorbic  solution  of 
pH  =  4.06. 

Cx  is  calculated  from  the  pK  value  of  the  dissocia- 
tion constant,  at  pi  I  =4.06.  /i\°  is  the  normal  poten- 


tial  of  the  redox  system  LK  )2 


1",  and  accord- 


ing to  Latimer14  has  the  value  of  0.05  v  vs  NIIE. 
Since  (/>  —  q)/a  is  unity,  Equation  5  becomes 

(£%)r  -  (Eu  )*  =  £e°  -  H.°  ~  0.0591  log  C,  (6) 

/ic°  was  determined  for  several  values  of  CJt  as  can 
be  seen  from  Table  I.  The  standard  electromotive 
force  and  the  equilibrium  constant  of  reaction  (4) 
were  determined  from  the  experimental  data.  The 
equilibrium  constant  is 


(7) 


j  A.,,.,/ 

while  the  electromotive  force E°  is 

»<A          r-n  r-n        ^i       r^         ^  f        Koa>         /ON 

/<  V  —    li     U   /.»     I)  — 1  n    L      —  I  »i  ______         |  X  1 

*_•       —   I  f  c  I  -  n      —  -  111  IV    —  111  — — —         \  O  / 

fl/7  a/;       A'm/ 

By  subtracting  the  wave  equations  of  the  simple 
and  complex  ion,  one  obtains 


(EH),  -  (EH), 


0.0591 


or 


0.0591 


X0.0591  log  C, 


(10) 


with  a  preliminary  dissociation 


(9) 


*  is  the  half -wave  potential  in  the  perchlorate 
electrolyte  under  the  same  conditions  as  in  the 
ascorhic  electrolyte.  The  measured  values  of  £°  and 
K  are  given  in  Table  1.  K(tJ.  and  Krrd  are  the  dissocia- 
tion constants  of  the  complexes  U(VI)  and  U(V). 

It  was  shown  above  that  /,//f  =  k,  and  that  it  does 
not  depend  on  pH,  so  that  one  can  conclude  that  the 
uranyl  complex  is  reduced  in  the  same  manner  in  an 
alkaline  as  it  is  in  an  acid  medium. 

The  investigation  of  the  electrode  reaction  and  the 
reduction  of  the  uranyl  complex  in  a  phthalate  and 
benzoate  supporting  electrolyte,  described  earlier,0 
have  proved  that  the  reduction  is  reversible  to  U(  V). 
Anodic-cathodic  waves  with  the  same  half-wave 
potentials  were  obtained  in  both  cases.  The  analysis 
of  the  cathodic  waves  gives  the  values  for  /f/log 
[i"/(»"rf  — «")]  equal  to  0.0583  v  in  the  benzoate,  and 
0.062  v  in  the  phthalate  supporting  electrolyte. 

The  benzoate  complex15  is  reduced  according  to 
the  equation 


(in 


r<12> 

One  can  expect  that  the  phthalate  complex  is  reduced 
in  the  same  manner. 

The  waves  of  the  oxidation  states  lower  than 
UOo24"  were  not  examined  quantitatively,  but  it  was 
established  that  it  is  possible  to  obtain  a  weakly 
formed  wave  which  corresponds  to  the  reduction 
U(  V)  — »UdII),  with  the  diffusion  current  twice 
as  great  as  for  the  first  wave. 

The  presence  of  gelatine  influences  the  height  of 
waves  as  well  as  the  half-wave  potential.  Because  of 
the  specific  action  of  the  gelatine  on  the  half- wave 
potential  of  different  ions  it  is  possible  to  separate 
the  uranium  waves  from  those  of  other  elements.7 

The  Determination  of  Uranium  in  the  Presence  of 

Other  Elements  in  the  Ascorbic  Supporting 

Electrolyte 

Not  one  of  the  electrolytes  known  so  far  has 
better  characteristics  than  the  ascorbic  electrolyte.  It 
not  only  forms  complexes  but  also  reduces  all  ions 
more  positive  than  0.5  v  vs  hydrogen,  to  lower 
valency  states.  In  earlier  reports  we  have  described 
the  determination  of  uranium  in  presence  of  other 
elements  in  ascorbic  supporting  electrolyte/1  and, 
accordingly,  the  determination  of  uranium  in  ores.8 
We  have  also  described  the  chemical  and  polaro- 
graphic  behaviour  of  elements  in  that  electrolyte,  in 
the  pH  range  1-9.5.7  However,  in  the  earlier  de- 
termination of  uranium  in  mixtures  of  elements,  the 
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concentration  of  each  ion  present  was  not  more  than 
three  times  greater  than  the  uranium  concentration. 
For  that  reason  we  have  determined  the  limiting 
concentration  of  the  elements  accompanying  ura- 
nium, in  which  uranium  can  be  determined  qualita- 
tively and  quantitatively.  This  was  made  for  each 
kind  of  ion  separately,  depending  on  pH,  in  an  acid 
medium.  It  turned  out  that,  at  pH  >  1.5,  Pb  and  Tl 
interfere  with  the  uranium  wave,  while  at  pH  <  1.5 
the  interference  exists  only  if  the  concentrations  are 
a  hundred  times  greater  than  the  concentration  of 
uranium.  Telurium  and  tin  cause  interferences  at 
all  pH  values  by  masking  the  uranium  waves.  A 
smaller  interference  exists  for  the  majority  of  ele- 
ments at  pi  I  =  3-5.  In  this  pH  range,  uranium  can 
be  determined  in  the  presence  of  a  great  excess  of 
other  elements,  as  can  be  seen  from  Table  II. 

The  results  refer  to  the  acidic  ascorbic  solution. 
The  concentrations  of  uranium  were  <  10~r>  gm/nil. 

Mixtures  were  made  consisting  of  uranium  and 
one  ion  of  all  the  elements  investigated,  and  the  ura- 
nium determined  quantitatively  by  using  the  data 
given  in  Table  IT.  Measurements  were  made  in  0.5N 
ascorbic  solution,  with  0.001-0.01%  of  gelatine  and 
at  pll  =3-5.  The  results  are  within  the  limits  of 
error,  as  can  be  seen  in  Table  III.  The  separate  mix- 
tures of  uranium  with  Pb,  Tl,  Te,  Se,  Sn4+,  Sn-+,  Sb 
and  Mo  were  not  quantitatively  analysed,  but  their 
presence  was  determined  by  the  use  of  data  in 
Table  11.  Platinum  is  reduced  at  a  more  positive 
potential  than  uranium. 

In  addition  to  these  separate  measurements  we  have 
determined  uranium  in  the  presence  of  all  elements 
whose  waves  do  not  interfere  with  uranium  waves. 
The  results  are  given  in  Table  IV.  The  concentration 
of  uranium  in  the  analysed  mixture  was  3  X  10~r> 
gm/ml. 

The  interferences  caused  by  Te,  Pb,  Tl,  Sb  (pH 
3-5 ) ,  at  greater  concentrations  than  allowed  by  the 
data  in  Table  IT,  can  be  easily  cancelled  by  passing 
the  solution  through  the  cadmium  reductor."  This 
eliminates  all  ions  more  positive  than  Cd2+.  The  ions 
of  Pb,  Tl,  Sb,  Bi  and  Te  are  reduced  to  their  ele- 


ments by  ascorbic  acid  if  Pd2+  ion  is  present  in  the 
solution.  Thus,  these  ions  can  be  eliminated  from 
the  solution  by  adding  a  solution  of  Pd,  either  directly 
into  the  polarographic  cell  or  into  the  sample  pre- 
pared for  the  analysis,  and  then  ascorbic  acid  added. 
This  process  is  slowed  down  by  gelatine  which 
should,  for  that  reason,  be  added  after  palladium. 
The  amount  of  Pd  should  be  2-3  times  greater  than 
the  concentration  of  these  elements.10  In  that  way, 
the  interference  of  these  elements  is  eliminated. 
Usually,  Q.5M  ascorbic  acid  is  used,  but  satisfactory 
results  can  also  be  obtained  with  0.05M  acid,  if  the 
solution  does  not  contain  a  grent  amount  of 
admixtures. 

The  anions  Cl~,  SO4 — ,  NCV  do  not  cause  any 
interference,  while  greater  amounts  of  phosphate 
diminish  the  uranium  wave. 

Determination  of  Uronium  in  the  Alkaline  Ascorbic 

Electrolyte 

The  polarographic  determination  of  uranium  is 
rarely  carried  out  in  alkaline  electrolytes.  In  the 
carbonate  electrolyte,  ammonium  and  sodium  car- 
bonate are  used  in  most  cases.2'3  The  experiments 
have  shown  that  excellent  uranium  waves  can  be 
obtained  from  an  alkaline  solution  of  ascorbic  acid. 
The  diffusion  current  of  these  waves  is  a  linear 
function  of  the  concentration  of  the  uranyl  ion.  The 
waves  have  no  maxima  and  the  solution  contains 
no  oxygen,  so  that  well  formed  waves  are  obtained 
at  the  maximum  sensitivity  of  the  Cambridge  Polaro- 
graph,  for  the  concentration  of  2  X  10"°  gm/ml. 
Vranyl  ion  is  reduced  to  the  pentavalent  state.  The 
half-wave  potentials  of  uranium  and  other  elements, 
as  a  function  of  pH,  were  given  earlier.7  We  have 
not  given  the  half-wave  potentials  for  those  ions 
which  were  reduced  to  the  elementary  state  in  an 
acid  medium.  The  reduction  of  these  elements  in 
alkaline  media  was  not  investigated.  The  procedure 
was  to  add  a  solution  of  the  elements  to  an  acidic 
ascorbic  solution,  and  then  increase  the  pH  by  adding 
ammonia.  If  selenium  is  placed  in  the  alkaline 
ascorbate,  it  will  not  be  reduced  to  the  element,  as 
it  is  in  the  acidic  medium,  but  gives  waves  at  about 


Table  II 


Ratio  of 
ion  /uranium 

Ratio  of 
ion/  uranium 

Ion 

/»// 

concentration 

Ion 

pn 

concentration 

Pb2+ 

<  1.5 

100 

Ti3+ 

<1.5 

100 

C(12+ 

3-5 

700 

Bi3+ 

1-5 

10 

O3"* 

2-5.5 

800 

Cu2+ 

1-6 

10 

Pd2+ 

1-4 

200 

Th4+ 

1-6 

400 

Ag+ 

1-4 

400 

Zn2+ 

2-5 

800 

Hg2+ 

3-5.5 

200 

Co2+ 

1-6 

900 

Aua+ 

1-4 

200 

Mn2+ 

1-5.5 

800 

Se(IV) 

1-4 

100 

As3+ 

1-5.5 

600 

Ni2+ 

1-6 

700 

Ti4+ 

2-6 

600 

Sn4+ 

2-4.5 

500 

V(V) 

<  1  ;2-4  ;  >  7 

100;3;400 

Sn2+ 

* 

* 

Mo(VI) 

2-4 

3 

Fe3+ 

1-4 

600 

Te(IV) 

* 

* 

W(VI) 

3-5 

100 

Sb3+ 

3-6 

3 

*  Interferes. 
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Table  III 

Element 
added  to 
U 

Mn       Fc         Co        Ni         Cd           n         Cr 

Ag        Au         II  g         Bi         1i          V          Th         W         As         Pd         Cu 

U  given 

gm/mlXlO-s  i.o    1.96    1.98     1.0      1.0      1.0      1.0      1.0      1.98    0.97     1.0      1.62     1.25    0.96    1.0      1.0      0.98     1.0 
Element 

added 

gm/mlXlO-s  4.0     1.96    3.96    4.0      4.0      2.0      4.0       1.0      1.98     .097    0.1       4.86    0.05    0.48    0.4      4.0      0.49    0.08 
Element/U 

ratio  400      100      200     400      400      200      400      100      100      100      10        300     4         50       40       400     50       8 

U  found  %      98.04  100.4  98.58  99.84  98.04  98.46  96.34  101.4  100.4  104.5  98.2     98.58  107.2  96.6     100.3  101.6  99.85  98.04 


Table  IV 


U 

Solution 

found 

contains 

7n      Ti      Ni      Sn     Afw     Cd      As   f*      II  g     Ag      Se       W      Au      Th      Cr      Co      Bi      Pd     CM      Pt      I      Zn       % 

Element/U 

concentration 

ratio 


10     10     10     10     10     10     10     10     10     10     10     10     10      5     10     10       1     10       1       3       1  170  97.7 


— 0.9  v  vs  SCE.  As  soon  as  the  solution  becomes 
acidic,  reduction  takes  place  and  selenium  is  preci- 
pitated. Interferences  with  the  uranium  wave  can 
be  caused  only  by  elements  whose  waves  coincide 
with  those  of  uranium.7  In  an  alkaline  medium,  high 
concentrations  of  molybdenum  and  vanadium  do  not 
interfere. 

From  alkaline  solutions  of  phthalates  and  benzo- 
ates,  uranium  is  precipitated  as  hydroxide. 

It  is  not  necessary  to  bubble  the  solution  of  the 
ascorbic  electrolyte  with  nitrogen  to  remove  oxygen, 
at  pH  >  3.5.  The  efficacy  of  ascorbic  solution  in 
absorbing  oxygen  increases  with  pH. 

The  Determination  of  Uranium  in  Ores,  Using  an 
Acidic  Ascorbic  Solution 

The  above  results  were  applied  to  the  direct  polaro- 
graphic  determination  of  uranium  in  ores.  If  the  ore 
contains  weakly  soluble  sulphates,  the  precipitates  of 
which  are  crystalline,  there  is  no  interference  with 
the  determination  of  uranium.  When  analysing  the 
ore,  it  is  necessary,  in  most  cases,  to  add  more  gela- 
tine, especially  in  the  case  of  low  grade  ores.  If  the 
ore  contains  interfering  elements,  they  can  be 
eliminated  with  a  palladium  or  cadmium  reductor. 
The  presence  of  vanadium  and  molybdenum  in  a 
greater  proportion  than  allowed  by  Table  II,  in 
acidic  medium,  increases  the  positive  error  for 
uranium. 

A  considerable  number  of  ores  of  different  com- 
position were  analysed  in  the  above  manner.  The 
results  were  compared  with  those  obtained  by  other 
methods :  colorimetric,  fluorimetric  and  radiochemical. 
They  are  given  in  Table  V. 

As  can  be  seen  from  the  table,  the  agreement 
between  the  different  methods  is  good. 

The  analysis  of  some  samples  has  shown  that  they 
contain  less  than  50  gm/total  of  uranium,  which  was 
confirmed  by  fluorimetric  analyses.  Some  ores  con- 


Table  V 


Polarographic    Colorimetric     Fluorimetnc    Radiochemical 

method  method  method  method 

Ore          gm  U/Total       gm  U /Total      gm  U/Total      gm  U/Total 


1 

1006 

1020 

970 

2 

345 

338 

346 

325 

3 

300 

292 

294 

4 

120 

125 

128 

123 

5 

194 

191 

196 

6 

156 

150 

7 

168 

172 

8 

395 

taining  enough  V  and  Mo  were  precipitated  with 
ammonia  and  the  U  determined  in   the  precipitate. 

The  Determination  of  Uranium  in  Ores  with  the  Use 
of  Alkaline  Ascorbic  Electrolyte 

An  alkaline  ascorbic  electrolyte  was  used  to  de- 
termine uranium  in  carbonate  solutions  of  ores.  The 
finely  powdered  ore  was  mixed  with  a  solution  of 
sodium  carbonate  and  stirred  for  3  hours  in  an 
autoclave17  at  115°C,  at  the  pressure  of  1.7  atm.  The 
solution  of  sodium  carbonate  contained  12-65  gm 
of  Na2CO3  per  liter.  The  solution  is  separated  from 
the  precipitate  by  decanting  or  filtrating.  Since  the 
ores  in  most  cases  contain  organic  materials  which 
pass  into  carbonate  solution  and  interfere  with  the 
determination  of  uranium,  they  had  to  be  destroyed 
with  nitric  and  sulphuric  acid.  The  procedure  con- 
sists in  evaporation  to  dryness  of  the  carbonate 
solution  with  nitric  and  sulphuric  acid.  The  dry 
residue  of  sulphate  is  dissolved  in  water,  ascorbic 
acid  added  followed  by  ammonia  until  the  medium 
is  alkaline.  The  solution  is  then  put  into  a  normal 
bottle  from  which  the  samples  are  taken  for  analysis. 
Excellent  uranium  waves,  without  interference,  were 
obtained.  It  was  not  necessary  to  bubble  the  solution 
with  nitrogen  nor  to  add  gelatine  to  it.  The  carbon- 
ate solutions  of  ores  contain  a  smaller  number  of 


POLAROGRAPHY  OF  URANIUM 


259 


admixtures  and  in  smaller  concentration  than  the 
acidic  solutions,  since  many  elements  are  not  dis- 
solved in  carbonates.  For  that  reason  the  polaro- 
graphic  waves  of  ores  in  alkaline  solutions  are  often 
better  than  those  in  acidic  solutions.  This  method 
is  especially  convenient  for  checking  the  carbonate 
dissolution  of  uranium  ores  rich  in  Mo  and  V,  on 
an  industrial  scale.  The  uranium  content  of  the 
carbonate  solution  often  does  not  correspond  to  the 
real  content  of  uranium  in  the  ore  because  the  dis- 
solving is  not  quantitative.  Table  VI  shows  the 
results  of  analyses  of  carbonate  solutions  of  several 
different  ores. 


Table  VI 

Ore 

mg  of  U/100  nrl 
of  solution 

5.72      1.89      1.62      2.61 

1.01       1.60 

The  procedure  where  the  ore  is  melted  with  alkali 
carbonates,  the  melted  mixture  dissolved  and  filtrated, 
and  uranium  determined  in  the  filtrate  by  the  use  of 
alkaline  ascorbic  electrolyte,  in  most  cases  gives 
values  lower  than  the  real  content  of  uranium.  The 
reason  for  it  is  the  absorption  of  uranium  on  the 
precipitated  hydroxides  of  the  elements  present. 

CONCLUSION 

A  detailed  investigation  of  uranium  and  other  ele- 
ments in  acidic  and  alkaline  ascorbic  supporting 
electrolyte  was  made.  It  was  found  that  id  of  the 
uranyl  ion  does  not  depend  on  pH,  and  that  id/C 
is  equal  to  k  in  acidic  and  alkaline  medium.  The 
dependence  of  the  wave  quality  on  pH  was  shown. 
The  ascorbic  supporting  electrolyte  absorbs  oxygen 
from  the  solution  at  pll  >  3.5  and  gives  well  formed 
waves  in  low  concentrations  of  uranium  to  2  X  lO6 
gm/ml. 

The  study  of  the  electrode  reaction  has  shown  that 
the  reduction  of  U(VI)  ?ziU(V) -complex  is  rever- 
sible and  that  only  one  electron  is  exchanged.  The 
anodic-cathodic  wave  of  the  mixture  U(VI)  and 
U(V)  in  acidic  ascorbic  solutions  was  obtained.  The 
relations  for  the  anodic-cathodic  and  for  the  cathodic 


waves  are 


£/log 


!_  =  0.0603v 


•  =  0.061  v 


and 


respectively.  £%  —  E^  is  equal  to  — 0.0564  v  and 
does  not  depend  appreciably  on  the  temperature.  It 
was  found  that  the  normal  potential  E<?  of  the  system 
U(VI)  *±U(V)  in  the  ascorbic  solution,  at  pH 


4.06  and  25 °C,  is  equal  to  —0.11  v  vs  NHE,  and  the 
standard  electromotive  force  E°  of  reaction  4,  equal 
to  —0.16  v  vs  NHE.  The  equilibrium  constant  for 
reaction  4  was  determined  as  well  as  the  ratio  of 
the  dissociation  constants  of  U(VI)-  and  U(V)- 
complexes.  The  difference  of  the  coordination  num- 
bers of  these  complexes,  p  —  q,  was  also  determined. 
All  these  measurements,  given  in  Table  I,  were  made 
at  pH  =  4.06,  ionic  strength  /*=*0.2  and  25°C. 

We  have  established  the  limiting  concentration  of 
the  elements  accompanying  uranium,  which  permit 
the  determination  of  uranium  in  an  acidic  medium. 
The  quantitative  determination  of  uranium  in  the 
presence  of  a  great  excess  of  other  elements  was 
performed.  It  was  demonstrated  that  uranium  can 
also  be  determined  in  an  alkaline  ascorbic  supporting 
electrolyte.  A  method  was  given  for  the  polarographic 
determination  of  uranium  in  ores,  in  acidic  or  alka- 
line medium,  without  separation,  and  the  procedure 
for  the  elimination  of  interferences  described.  Analy- 
ses of  a  number  of  ores  in  an  acidic  solution  were 
made  as  well  as  those  of  carbonate  solutions  of  ores 
in  an  alkaline  solution. 
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Application  of  the  Polarographic  Technique  to 
the  Determination  of  Tin  in  Uranium  Compounds 

By  C.  Sambucetti,  E.  Witt  and  A.  Gori,*  Argentina 


Tin  can  be  determined  polarographically  in  various 
electrolytes,  according  to  its  valence  state  and  the 
type  of  material  to  be  analyzed. 

The  complex  chlorostannate  ion  (SnO«)=,  if  pres- 
ent in  solutions  containing  a  high  concentration  of 
11+  and  Cl~  ions,  produces  a  very  well-developed 
double  wave  (  Fig.  1 )  ;  the  first  part  of  the  wave 
corresponds  to  the  reduction  of  the  (SnO«)  ion  to 
(SnO.0  ~,  and  the  second  part  to  the  reduction  to 
metallic  tin.1 

The  development  of  this  wave  is  grcath  affected 
b\  the  concentrations  of  the  H  f  and  C.T~  ions,  since 
complex  chlorine  ions  of  higher  order  are  formed 
as  the  concentrations  of  these  two  ions  increase, 
until  finally  (SnO«)~  predominates. 

The  II4  concentration  should  not  be  too  high,  or 
else  the  pluteau  of  the  diffusion  current  becomes 
excessively  steep. 

<  )ptimum  conditions  are  obtained  by  employing 
a  base  electrolyte  of  4.U  XHtO  and"  1.5 M  IIO, 
containing  0.005 f'(  of  gelatine.-' r> 

In  the  method  we  ha\e  developed,  a  double  separa- 
tion is  required  to  separate  the  tin  from  interfering 
elements:  in  the  first  state,  it  is  separate  from  ura- 
nium by  extraction  of  its  cup  ferrate  with  chloroform  ; 
in  the  second,  aluminum  is  used  as  a  carrier,  and  the 
tin  is  precipitated  as  the  hydroxide,  the  residue 
being  analyzed  polarographically. 

MATERIALS  AND  APPARATUS 

The  materials  used  were  those  of  ordinary  analytic 
use.  The  separation  of  the  hydroxides  precipitate 
is  performed  by  centri  f  ngiiig ;  the  final  readings  are 
made  on  a  Tinsley  polarograph. 

REAGENTS 

Reagents  were :  sulfuric  acid,  pure  for  analysis 
(sp.gr.  1.84)  ;  nitric  acid,  pure  for  analysis  (sp.gr. 
1.40);  hydrochloric  acid,  pure  for  analysis;  per- 
chloric acid,  pure  for  analysis  (sp.gr.  1.67);  am- 
monia, pure  for  analysis  (sp.gr.  0.91)  ;  sulfuric 
acid  solution,  10^  ;  potassium  permanganate  solu- 
tion, 1%  ;  cupferron  solution,  6%  ;  pure  chloroform; 
aluminum  chloride  solution  ( 2  mg/ml )  ;  ammonium 
chloride  solution,  4Ar;  gelatine  solution,  \%\  and 
standard  solution  of  tin. 
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Pure  SnCla  •  21 12O  was  used  ;  2400  gm  are  treated 
with  50  ml  of  concentrated  HO,  heating  to  dissolve 
it;  the  volume  is  raised  to  J50  ml  with  1  : 1  HO.  The 
actual  concentration  is  determined  b\  gravimetric 
analysis.  This  solution  should  he  prepared  fresh  each 
week.  Two  others,  prepared  from  it  by  suitable  dilu- 
tion, contain  0.05  and  0.25  gm  Sn  per  liter. 

PROCEDURE 

The  characteristics  of  the  polarographic  wave  of 
the  chlorostannate  ion  make  it  possible  to  detect  tin 
concentrations  of  the  order  of  magnitude  of  10"". 
The  range  of  concentrations  over  which  we  applied 
the  method  runs  from  2  to  100  y/ml. 

The  sample  is  dissolved  in  the  most  convenient 
manner,  then  treated  with  sulfuric  acid  and  brought 
to  the  fuming  point,  and  diluted  to  100  ml  so  that 
the  amount  of  acid  is  8-1 0^'r  !•*'  volume. 

Separation  of  the  Tin 

The  acid  solution  obtained  is  raised  to  the  boiling 
point,  and  the  uranium  is  oxidized  with  \(t  KMiiO.| 
solution.  It  is  then  cooled  down  to  about  5° C  and 
transferred  to  a  separate >ry  funnel.  There  it  is  treated 
with  (>cf  cupferron  in  5  ml  portions  and  shaken  and 
extracted  with  chloroform  until  a  new  portion  of 
cupferron  produces  a  white  precipitate  and  the 
chloroform  solution  is  colorless.  All  solutions  should 
be  at  about  5°C.;i 

5  ml  of  nitric  acid  and  1  nil  of  sulfuric  acid  are 
added  to  the  chloroform  extracts  and  carefully 
heated  over  a  sand  bath  to  drive  ofT  the  chloroform. 
The  organic  matter  is  destroyed  by  heating  with 
sulfuric  and  perchloric  acids  to  the  point  where 
white  fumes  are  given  off. 

Once  this  has  been  done,  it  is  allowed  to  cool  and 
the  solution  is  transferred  to  a  centrifuge  tube  (25 
ml  capacity),  in  which  the  tin  is  precipitated. 

Precipitation  of  the  Tin  with  Aluminum  as  Carrier 
The  solution  resulting  from  the  destruction  of  the 
organic  matter  contains,  in  addition  to  the  tin,  other 
elements  that  must  be  eliminated,  since  they  may 
interfere  with  the  final  determination.4 

To  this  end,  the  solution  is  diluted  down  to  some 
5  or  8  ml,  1  ml  of  0.2%  aluminum  solution  is  added, 
with  a  drop  of  methyl  red,  and  it  is  neutralized  with 
ammonia  until  the  indicator  changes  color,  adding 
0.2  nil  in  excess.  Too  great  an  excess  of  ammonia 
should  be  avoided.  This  is  left  to  digest  for  a  few 
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minutes  on  a  water  bath.  The  aluminum  precipitate 
that  acts  as  carrier  of  the  tin  is  centrifuged  for  some 
20  minutes  at  the  maximum  speed  of  the  centrifuge. 
Under  these  conditions,  the  precipitate  remains  per- 
fectly adherent  to  the  walls  of  the  bottom  of  the 
tube,  and  may  be  decanted  easily. 

Polarographic  Determination 

The  precipitate  of  hydroxides  is  dissolved  in  5  ml 
of  HC1  and,  as  it  may  contain  varying  amounts  of 
iron  which  accompanies  the  tin  throughout  the  proc- 
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Figure  3 

ess,  hydroxylaniine  hydrochloride  is  added,  after 
which  it  is  boiled  for  about  10  minutes.  It  is  then 
transferred  to  a  25-ml  flask;  the  walls  of  the  tube 
are  washed  well  with  4M  N1UC1,  1  ml  of  \c/c  gela- 
tine solution  is  added,  and  the  volume  is  made  up 
with  4M  NH4C1  solution.  The  polarograms  are  made 
with  fractions  of  this  solution,  passing  nitrogen 
through  5  minutes  before  each  determination. 

EXPERIMENTAL 
Polarogram  of  Tin 

Figure  1  shows  the  two  waves  of  tin  ;  under  work- 
ing conditions  the  approximate  half- wave  potentials 
are  —  0.25  and  —  0.45  volts.  The  second  wave  is 
the  one  used  to  determine  the  tin  concentration. 

The  dropping  electrode  employed  had  a  dropping 
time  of  4  seconds;  height  of  the  mercury  column 
50  cm,  temperature  25 °C. 

Calibration   Curve 

Solutions  containing  amounts  of  tin  between  0.15 
and  1 .75  mg  were  put  into  centrifuge  tubes  and  pre- 
cipitated; this  was  followed  by  centrifuging  and 
polarographic  analysis  in  the  manner  indicated. 

The  results  are  given  in  Table  I  and  Fig.  2. 

Table  I 


Total  tin 

Intensity 
fa 

mg/25  ml 

y/ml 

1 

0.150 

6 

0.3 

2 

0.400 

16 

0.9 

3 

0.750 

30 

1* 

4 

1.250 

50 

16 

5 

1.750 

70 

3.6 
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Table 


Element 

Extraction  with 
cupferron 

Precipitation  with 
ammonia 

Polarography 

Interference  with 
the  method 

Copper 

Partially 

Absorbed 

Troublesome  in 

Docs  not  in- 

extracted 

large  amounts 

terfere 

Bismuth 

Extracted 

Part,  precip. 

Troublesome  in 

Does  not  in- 

large amounts 

terfere 

Antimony 

Not  extracted 

Part,  precip. 

Troublesome  in 

Does  not  in- 

large amounts 

terfere 

Lead 

Not  extracted 

Part,  precip. 

Interferes 

Docs  not  in- 

terfere 

Iron 

Extracted 

Precip. 

Troublesome  in 

Interferes 

large  amounts 

Zirconium 

Extracted 

Precip. 

Not  troublesome 

Does  not  in- 

terfere 

Vanadium 

Extracted 

Absorbed 

Troublesome  in 

Does  not  in- 

large amounts 

terfere 

Titanium 

Extracted 

Precip. 

Not  troublesome 

Does  not  in- 

terfere 

Molybdenum 

Extracted 

Absorbed 

Troublesome  in 

Docs  not  in- 

large amounts 

terfere 

Niobium 

Extracted 

Precip. 

Does  not  inter- 

Docs not  in- 

fere 

terfere 

Tungsten 

Extracted 

Absorbed 

Does  not  inter- 

Does not  in- 

fere 

terfere 

Tantalum 

Extracted 

Precip. 

Does  not  inter- 

Does not  in- 

fere 

terfere 

Checking  the  Method 

Uranium  was  purified  by  ether  extraction  of  the 
nitrate  and  subsequent  precipitation  as  the  peroxide. 

To  samples  containing  1  gm  of  U  there  were  added 
increasing  amounts  of  tin,  followed  by  extraction 
with  cupferron,  destruction  of  the  organic  matter, 
precipitation  of  the  hydroxides,  centrifuging,  and 
the  final  polarographic  determination. 


RESULTS 
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o- 


Sn  added 

Intensity 

Sn  recovered 

V/ml 

pa 

y/ml 

30 

1.6 

30 

20 

1.00 

19 

8 

0.4 

7.6 

Figure  4 


Interferences 

The  following  elements  were  considered : 

Copper  gives  a  wave  with  an  approximate  poten- 
tial of  —  0.2  volts  in  the  medium  studied,  so  that  if 
it  is  present  in  great  excess,  it  practically  prevents 
reading  of  the  tin  wave  (Fig.  3). 

Bismuth  produces  a  wave  at  —0.23  volts:  like 
copper,  it  does  not  interfere  unless  its  concentration 
is  much  greater  than  that  of  the  tin  (Fig.  4). 

Lead  yields  a  wave  that  has  the  same  potential  as 
tin  and  adds  on  to  the  wave  of  the  latter;  hence, 
tin  can  not  be  determined  in  the  presence  of  lead 
(Fig.  5). 

Iron  interferes  only  if  present  in  great  excess, 
since  the  wave  it  produces  in  this  medium  appears  at 

—  0.05  volts  (Fig.  6). 

Zirconium  does  not  interfere  in  this  medium 
(Fig.  7). 

Titanium  does  not  exhibit  a  wave  in  the  medium 
studied  (Fig.  8). 

Niobium  does  not  interfere  in  the  polarography  of 
tin  (Fig.  9). 

Antimony  exhibits  a  wave  at  approximately  — -  0.2 
volts,  so  that  it  is  only  troublesome  if  present  in  large 
amounts  (Fig.  10). 

Molybdenum  is  troublesome  only  in  large  amounts, 
since  the  molybdate  ion  exhibits  a  wave  at  about 

—  0.2  volts  (Fig.  11). 
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Figure   14 


Tungsten  docs  not  interfere  with  the  polarography 
of  tin  (Kig.  12). 

Tantalum  does  not  interfere  with  the  determina- 
tion of  this  element  (  Fig.  13). 

Vanadium  does  not  interfere  with  the  polaro- 
graphy  of  tin  (Fig.  14),  exeept  when  present  in 
great  excess. 

Although  various  elements  interfere  with  the  pola- 
rographie  determination  of  tin,  their  number  is  con- 
siderahlv  reduced  in  the  prior  stages  of  separation 
I  Table  h). 

Consequently,  the  only  element  of  those  considered 
that  could  be  troublesome  in  the  proposed  method 
is  (  Fe(  fTI)  ;  this  interference  is  eliminated  by  con- 
version to  Fe(ll  )  using  hydroxylamine. 

SUMMARY 

A  polarographic  method  is  proposed  for  estimating 
tin  in  uranium  and  its  compounds. 

This  element  is  separated  from  almost  all  the  pos- 
sible interferences  by  extracting  its  cup  ferrate  with 


chloroform  in  an  acid  medium  and  then  precipitating 
it  as  the  hydroxide  in  the  presence  of  aluminum. 

A  study  is  made  of  the  possible  interferences,  lead- 
ing to  the  conclusion  that  in  the  final  stage  only 
iron  may  be  troublesome ;  this  drawback  is  remedied 
by  reducing  the  latter  with  hydroxylamine. 
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Polarographic  Determination  of  Copper, 
Cadmium,  Zinc,  Nickel,  Cobalt,  Lead  and 
Bismuth  in  Uranium  and  its  Compounds 

By  C.  J.  Sambucetti,  E.  Witt  and  A.  Gori,*  Argentina 


This  work  is  part  of  the  program  for  studying 
minute  amounts  of  the  elements  forming  the  im- 
purities in  uranium  and  its  compounds. 

The  polarographic  method  requires  previous  con- 
centration of  these  impurities,  their  separation  from 
the  bulk  of  uranium,  and  finally,  the  quantitative 
analysis. 

Separation  and  concentration  were  carried  out  by 
electrolysis.  The  use  of  mercury  as  the  cathode  for 
the  electrolysis  of  a  solution  containing  uranium 
and  other  metals,  causes,  under  certain  conditions, 
the  contaminants  to  deposit  in  the  mercury  and  the 
uranium  to  remain  in  solution.  The  next  step  is 
the  separation  by  distillation  of  the  metals  amalga- 
mated with  the  mercury,  after  which,  the  metallic 
residue  is  dissolved  and  analyzed  by  polarography. 

This  paper  is  based  on  work  by  Rodden1  who  sug- 
gests separation  by  electrolysis  with  a  mercury  cath- 
ode and  recovery  of  the  impurities  by  distillation. 

No  other  details  of  the  analytical  process  suggest 
that  either  the  colorimetric  or  the  polarographic 
method  may  be  used. 

Therefore,  we  became  interested  in  evolving  a 
method  that  would  make  polarographic  analysis  pos- 
sible using  the  joint  separation  of  the  seven  elements 
by  electrolysis. 

APPARATUS 

A  Melaven2'  3  standard  electrolytic  cell  with  some 
modifications  and  a  Tinsley  automatic  recording 
polarograph  were  used. 

Figure  1  shows  the  details  of  the  electrolytic  cell. 

ELECTROLYSIS   AND   DISTILLATION 

The  sample  is  converted  into  uranium  oxide 
(UOa).  A  suitable  amount  of  it  then  is  dissolved  in 
perchloric  acid  to  make  a  IN  solution.  This  is  trans- 
ferred to  the  electrolytic  bath  containing  20  ml  mer- 
cury; electrolysis  is  carried  out  for  two  hours  using 
a  current  of  1—2  amperes  and  the  temperature  is 
maintained  at  about  25  °C  by  cooling  the  cell  with 
water. 

Samples  containing  from  5  to  10  gm  uranium  in 
90  ml  solution  were  electrolized. 


For  the  electrodes,  the  anode  was  a  flat  platinum 
wire  coil  just  submerged  in  the  electrolyte;  the  cath- 
ode is  the  mercury  with  a  platinum  lead  attached  to 
the  wall  of  the  cell.4 

The  mercury  from  the  cell  was  collected  in  a 
quartz  or  Pyrex  crucible  at  the  end  of  electrolysis, 
and  distilled  in  nitrogen. 


Pt  coil  anode  - 


rrT"? 

^Stirrer 

-V, 

*"   —  ~3  Water 
—  Solution 

—  _;  —  _ 

-~—Z 

=  "^ 

"-Lr—!' 

Water 


Hg  cathode 

Pt  connection 

to  the  cathode 

3  way  tapi 
To  levelling  bulb 
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Figure  1.  Electrolytic  cell 

The  residue  from  the  distillation  was  dissolved  in 
hot  nitric  acid  and  made  up  to  25  ml.  Aliquot  quan- 
tities of  this  solution  were  used  for  the  polarographic 
analysis  of  the  elements  under  study.  The  seven 
values  could  be  obtained  in  three  polarograms  taking 
into  account  the  characteristics  of  each  element. 

DETERMINATION  OF  COPPER,  CADMIUM,  AND  ZINC 

A  medium  containing  17V  ammonium  chloride,  IN 
ammonia,  and  0.005%  gelatine6  is  the  most  convenient 
for  the  determination  of  these  three  elements.  The 
cupric  ion  produces  two  waves  in  this  medium ;  the 
first  one  corresponds  to  the  cupric-cuprous  reaction 
and  produces  v a  —0.24  volt  potential;  the  second 
wave  corresponds  to  the  Cul-»Cu0  transformation 
and  produces  —  0.5  volts.  The  cadmium  ions  are 
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Figure  2 

deposited  at  —  0.81  volts,  while  zinc  generates  a 
—  1.33  volt  wave. 

The  polarogram  (Fig.  2)  displays  a  well  defined 
separation  of  the  three  waves.  The  second  wave  is 
selected  for  the  evaluation  of  copper  since  it  is  less 
affected  by  the  residual  current. 

Copper,  cadmium,  and  zinc  standard  solutions  are 
prepared  by  weighing  the  pure  metals,  and  contain 
0.05  mg/ml;  the  necessary  fractions  for  the  con- 
struction of  the  calibration  curve  are  used ;  the  solu- 
tions are  evaporated  almost  to  dryncss;  10  ml  hydro- 
chloric acid  (1:1)  is  added  to  dissolve  the  residue 
which  is  then  neutralized  with  ammonia,  later  adding 
25  ml  of  2N  ammonium  chloride  solution  and  2  ml 
of  a  recently  prepared  0.1%  gelatine  solution,  making 
the  volume  up  to  50  ml. 

The  polarograms  are  constructed  with  these  solu- 
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Figure  3.  Copper-cadmium-zinc 
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tions.  The  following  lower  detection  limits  were  ob- 
tained from  the  calibration  curve  (Fig.  3)  :  copper, 
2  y/ml;  cadmium,  2  y/ml;  zinc,  1  y/ml. 

Recovery  tests  followed  the  procedure  described 
above;  the  results  are  given  in  Table  I. 

DETERMINATION  OF  LEAD  AND  BISMUTH 

It  must  be  noted  that  the  evaluation  of  lead  and 
bismuth  is  done  jointly,  and  that  the  estimation  of 
the  latter  by  this  method  is  described  merely  as 
probable  in  the  references.1 

The  best  medium  for  the  joint  polarographic  deter- 
mination of  these  elements  is  sodium  tartrate  at  an 
adjusted  pH  and  with  an  admixture  of  0.005% 
gelatine ;  under  thes<^  conditions  waves  for  cadmium 
and  copper  are  obtained  so  that  the  method  may  be 
used  for  the  joint  determination  of  the  four  ions.7 

Table  I 


Element 

Added 
y/ml 

Recovered 
y/ml 

Copper 

20 

19 

20 

19 

20 

21 

20 

19 

20 

21 

Cadmium 

20 

19 

20 

19 

20 

18 

20 

18 

Zinc 

20 

20 

20 

21 

20 

21 

20 

21 

The  order  of  appearance  of  the  waves  is  as  fol- 
lows :  copper :  —  0.3  volts ;  bismuth :  —  0.45  volts ; 
lead :  —  0.70  volts ;  and  cadmium :  —  0.9  volts,  ap- 
proximately, as  may  be  seen  from  the  polarogram 
(Fig.  4). 

It  must  be  noted  that  the  pH  of  the  medium  has  a 
considerable  effect,  not  only  the  shape  and  the  regu- 
larity of  the  wave,  but  also  the  redox  potential  of 
the  elements. 

The  solution  containing  the  ions  to  be  evaluated  is 
dried,  25  ml  IN  tartaric  acid  is  added  and  it  is 
heated  until  it  dissolves;  the  pH  being  adjusted  at 
3.5-4.5  with  2N  sodium  hydroxide;  bromo  cresol 
green  is  used  as  indicator.  The  solution  is  diluted 
to  50  ml. 

Calibration  curves  (Fig.  5)  for  typical  solution 
of  each  element  are  constructed. 

From  these  calibration  curves  it  may  be  seen  that 

Table  II 


Element 

Added 

y/ml 

Recovered 
y/ml 

Lead 

20 

21 

20 

21 

20 

19 

20 

21 

,    Bismuth 

20 

21 

20 

19 

20 

21 
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Figure  4 

the  lower  detection   limits  of   these   elements  are: 
lead,  2  y/ml ;  bismuth,  2  y/ml. 

Recovery  experiments  were  made ;  the  results  ap- 
pear in  Table  IT. 

DETERMINATION  OF  COBALT  AND   NICKEL 

Potassium  chloride  and  pyridine  were  used  as  car- 
riers for  the  evaluation  of  these  elements.8 

Pyridine  has  the  property  of  forming  complexes 
which  are  similar  to  the  ammonia  complexes  with 


Nickel 

Cobalt 

Found 
y/ml 

Added 
y/ml 

Intensity 
fia 

Found 
y/ml 

Added 

y/ml 

Intensity 

16 
25 

0.35 
1.8 

14 

26 

16 
25 

0.43 
2.0 

16 
26 

40 

2.9 

41 

40 

3.0 

39 

certain  cations.  The  formation  of  these  complexes 
makes  possible,  under  certain  conditions,  polarogra- 
phic  separation  of  nickel  and  cobalt,  since  each  ele- 
ment has  a  characteristic  and  distinct  decomposition 
potential. 

In  this  particular  case,  it  can  be  asserted  that  this 
property  offers  the  best  process  for  the  joint  deter- 
mination of  the  two  ions. 

If  a  0.5M  pyridine  solution  in  1M  potassium  chlo- 
ride containing  0.05%  gelatine  is  used,  nickel  pro- 
duces a  wave  at  a  potential  of  about  — 0.17  volts 
and  the  cobalt  at  about  —  1.07  volts.  But,  under 
these  conditions,  the  cobalt  wave  shows  a  typical 
and  well  defined  peak  which,  according  to  some 
authors,  is  eliminated  by  the  gelatine  admixture;" 
however,  even  if  the  gelatine  concentration  is  in- 
creased ten- fold,  the  peak  persists  despite  the  fact 
that  the  above  mentioned  conditions  are  maintained 
witli  all  the  inconveniences  resulting  from  the  high 
gelatine  concentration. 
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Figure  9 

It  was  found  that,  by  maintaining  a  constant 
potassium  chloride  concentration,  but  decreasing  the 
pyridine  to  0.2M,  the  peak  disappears  when  gela- 
tine at  a  0.08%  concentration  is  used.  A  wave,  very 
regular  and  undistorted,  is  obtained  in  this  fashion 
(Figs.  6,  7,  8,  and  9). 

To  the  aliquot  parts  in  which  these  ions  are  to  he 
evaluated,  are  added :  6  nil  potassium  chloride  4N, 
0.5  ml  pure  pyridine  (d:  0.98)  and  2  ml  \c/c  gela- 
tine, and  making  up  to  25  ml  volume. 

The  calibration  curves  (Fig.  10)  were  constructed 
with  typical  solutions. 

According  to  these  curves,  the  detection  limits  for 
these  elements  are:  cobalt,  1  y/ml ;  nickel,  1  y/ml. 

Table  III  includes  the  results  obtained  in  a  series 
of  recovery  tests. 

CONCLUSIONS 

The  joint  deposition  of  copper,  cadmium,  zinc, 
cobalt,  nickel,  lead,  and  bismuth  by  electrolysis  with 
a  mercury  cathode  is  used  in  this  work  for  the 
ultimate  polarography  of  these  elements. 
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It  was  demonstrated  that : 

(a)  The  evaluation  of  bismuth  in  uranium  or  its 
compounds  can  be  achieved.  Previously  it  was  con- 
sidered only  as  a  possibility. 

(b)  The  elimination  of  the  peak  in  the  cobalt  wave 
is  possible  by  decreasing  the  pyridine  concentration 
instead  of  increasing  the  gelatine  concentration ;  the 
latter  procedure  has  not  been  effective. 
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Contributions  to  Methods  of  Measuring  the  Concentrations 
of  Uranium  and  Thorium  in  Minerals  (Nuclear  Emulsions) 

By  A.  Soltan,*  Poland 


Measurements  of  the  concentration  of  uranium 
and  thorium  in  various  rocks  by  the  nuclear  emulsion 
method  are  systematically  undertaken  in  Poland. 
This  work  began  under  the  late  M.S.  Pienkowski  and 
is  being  continued  by  some  of  his  collaborators. 

Studies  of  granite  have  shown  that  its  radioac- 
tivity is  due  chiefly  to  inclusions  of  biotite  and  zircon. 
About  95%  of  the  tracks  of  alpha  particles  are  con- 
centrated in  2-3%  of  the  aggregate  surface  of  the 
piece  of  granite  under  investigation.  Thorium  stars 
have  been  observed  in  the  neighborhood  of  the  bio- 
tites  and  zircons,  which  is  not  the  case  in  the  neigh- 
borhood of  iron  oxide  crystals. 

The  zircon  crystals,  which  produce  a  comparatively 
low  number  of  alpha  tracks,  have  not  produced  any 
changes  in  the  biotite  that  surrounds  them:  the 
zircon  crystals  that  exhibit  a  higher  concentration 
of  radioactive  substances  are  surrounded  by  a  double 
sheath.  The  first  one  is  transparent,  while  the  sec- 
ond consists  of  a  darker  layer  of  biotite  crystal. 

It  should  be  added  that  investigation  by  the  nucle- 
ar emulsion  method  of  transparent  sheets  of  granite 
containing  sheathed  zircons  might  be  used  in  devel- 
oping a  method  to  establish  the  approximate  age  of 
rocks.  Formation  of  a  sheath  depends  upon  the  num- 
ber of  alpha  particles  emitted  by  the  radioactive 
substances  within  the  zircon  and  upon  the  time  dur- 
ing which  they  have  acted  upon  the  crystal  lattice 
surrounding  the  zircon. 

Studying  the  radioactive  properties  of  phospho- 
rites is  of  special  interest,  both  for  their  origin  and 
evolution  and  for  analysis  of  the  migration  and 
localization  of  radioactive  substances. 

METHOD  OF  MEASUREMENT 

Since  it  could  be  predicted  that  the  radioactivity 
of  the  phosphorites  would  be  low,  we  employed  the 
Geiger-Miiller  counter  method,  suitably  modified,  or 
the  method  of  nuclear  emulsions,  or  a  combination 
of  both. 

In  the  first  method,  a  pellet  (14  mm  in  diameter 
and  3  mm  thick)  molded  from  the  finely  pulverized 
phosphorite  sample  served  as  the  source  of  radiation. 
It  was  placed  at  a  distance  of  0.4  mm  from  the 
mica  window  of  the  counter.  The  window,  2.4 
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mg/cm2  thick,  allowed  the  alpha  rays  to  pass.  The 
pulses  were  recorded  appropriately. 

The  pulses  due  to  the  alpha  rays  could  be  dis- 
tinguished from  those  produced  by  beta  and  gamma 
rays  by  insertion  of  50  p,  of  Al. 

The  impulses  were  suitably  recorded  by  a  sealer. 

These  measurements  were  compared  to  the  radia- 
tion of  a  standard  substance,  whose  uranium  con- 
centration had  been  determined  by  counting  the  alpha 
particles  emitted  through  the  solid  angle  4?r  per  unit 
of  time  by  a  known  quantity  of  the  substance  which 
was  reduced  to  a  fine  powder  and  placed  between  two 
layers  of  the  nuclear  emulsion. 

These  data  enabled  us  to  compute  the  concentra- 
tion of  uranium  in  the  specimens  investigated.  Once 
we  knew  this  value,  we  could  calculate  the  quantities 
of  all  the  other  elements  in  the  two  radioactive 
families.  The  values  of  the  uranium  concentration 
C'(U)  thus  obtained  are  correct  provided  the  ratio 
C(Th)/C'(U)  is  essentially  the  same  for  all  the 
specimens  and  their  chemical  composition  does  not 
depart  appreciably  from  the  mean,  which  is  usually 
the  case.  It  should  be  noted,  however,  that  it  is  often 
very  hard  to  tell  how  representative  the  specimen 
under  investigation  is  of  the  mean  properties  of  its 
environment,  in  view  of  the  heterogeneity  of  the 
latter,  which  varies  but  is  always  appreciable.  Study 
of  the  distribution  of  radioactive  substances  in  ores 
has  shown  the  importance  of  this  factor.  Neverthe- 
less, the  series  of  measurements  made  on  the  same 
sample  did  not  vary  by  more  than  5  to  8%  in  the 
specimens  under  investigation  here.  There  is  no  doubt 
that  specimens  taken  from  different  points  of  the 
same  stratum  would  exhibit  larger  differences.  (It 
should  be  noted,  however,  that  specimens  5,  6,  and 
7  in  Table  I  were  taken  from  analogous  strata  of 
adjacent  geological  levels,  though  the  locations  were 
more  than  200  km  apart.  Nevertheless,  their  uranium 
concentrations  did  not  differ  by  more  than  4%.) 

RESULTS   OF   MEASUREMENTS 

Study  of  the  activity  of  specimens  of  various  ori- 
gins has  shown  that  all  these  phosphorites  contain 
radioactive  substances,  but  that  their  activity  differs 
considerably. 

The  table  given  below  lists  the  typical  phosphorites 
we  have  investigated,  their  location  in  the  geological 
formations,  and  an  approximate  estimate  of  their 
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age.  The  last  column  gives  the  value  of  the  uranium                  150 

1 

concentration  C(  U)  in  arbitrary  units. 

i 

1- 

These  figures  indicate  that  the  phosphorites   we 

, 

have  investigated  possess  appreciable  radioactivity, 

i 

varying  within  comparatively  wide  limits  (  from  3.7 

I 

to   138.7).  We  also  note,  however,  a  marked  ten- 

i 

dency  for  the  activity  to  vary  with  age  of  the  ore.                      ^Q 

1 

Table  1 

i 

.\Kf,  in  10"       C(1T).  arbitrary 

\ 

Specimen                Geological  vta^e                       years                     units 

\ 

\* 

1             Middle  Cambrian                400                     3.7                              50 

\ 

2             Middle  Cambrian                 370                      9.4 

»«\ 

3             Upper  Ordovician                350                     5.3 

\ 

4             Lower  Cenomanidii              100                   63.0 

\ 

5             Lower  Cenomanian              100                   46.0 

X 

6             Middle  Cenomanian              95                   47.6 

\ 

7              Middle  Cenomanian               95                    47.8 

\ 

8             Maestrichtian                         75                  138.7 

-t-'-t- 

O                  TTrm^r  fVnt  -ir^oiisi                          fiO                        1  37  5                                              0 

40        120        200        280      360400  Ml 

The  very  old  phos|)horites  arc  only  slightly  radio- 
active. However,  their  activity  increases  progressive- 
ly for  the  younger  formations.  The  curve  shown  in 
Fig.  1  gives  the  variation  of  the  uranium  concen- 
tration C"(U)  as  a  function  of  the  age  attributed  to 
the  geological  formation.  The  existence  of  such  a 
relationship  between  the  content  of  radioactive  sub- 
stances and  the  age  of  phosphorite  is  interesting.  It 


Figure   1 

may  be  due  cither  to  the  conditions  prevailing  at  the 
time  the  deposit  was  formed  or  else  to  the  way  in 
which  it  has  developed.  Several  hypotheses  may  be 
advanced  to  explain  the  course  of  this  curve.  But  it 
seems  that  it  is  too  early  for  substantiated  interpreta- 
tions. Research  now  under  way  promises  to  yield 
new  data. 


A  Method  for  the  Measuring  of  Uranium  and 
Thorium  Using  Nuclear  Emulsions 

By  M.  Petrascou  and  C  Besliu,*  Rumania 


We  use  the  emanations  of  uranium  or  thorium 
for  the  estimation  of  these  elements  by  means  of 
nuclear  emulsions.  ' 

The  procedure  is  more  sensitive  than  the  ioniza- 
tion  chamber  and  electrometer  procedures  and  affords 
means  of  getting  a  direct  evaluation  of  the  ratio  of 


D 

-    / 


4 

Figure  1.  (A)  metallic  cylinder;  (B)  insulating  material;  (C) 
photographic  emulsion;   (D)   metal   wire 

these  two  elements  which  may  be  present  simul- 
taneously in  the  ores  to  be  analyzed. 

The  nuclear  emulsion  is  placed  in  an  area  where 
an  intense  field  exists,  close  to  a  wire  which  is  main- 
tained at  a  suitable  negative  potential. 

The  emanation  in  question  is  carried,  in  a  closed 
circuit,  by  a  current  of  dry  air,  into  the  area  of  the 
photographic  emulsion. 

Part  of  the  products  of  the  active  deposit,  carried 
by  the  field,  will  adhere  to  the  emulsion. 

The  number  of  tracks  per  square  cm,  in  a  suitably 
chosen  area,  will  give  the  concentration  of  the  ele- 
ment under  consideration. 

The  device  is  calibrated  by  means  of  a  known 
source. 

The  photographic  plate  is  placed  parallel  to  the 
wire  (Ag  or  Ft),  and  in  its  immediate  vicinity 

(Fig.  D. 

The  track  distribution,  in  narrow  sections  normal 
to  the  wire,  as  a  function  of  the  distance  a  from  its 
end  ( Fig.  2 ) ,  offers  a  very  convenient  plateau  over 
almost  the  whole  length  of  the  plate. 
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The  number  of  tracks  per  square  cm  increases 
with  the  voltage  maintained  in  the  wire,  and  reaches 
saturation  for  a  potential  which  is  a  function  of  the 
assembly  spacing. 

Tn  our  devices,  the  optimum  voltage  varied  be- 
tween 200  and  500  volts. 

In  the  plateau  range,  the  number  of  tracks  per 
square  cm  varies  in  proportion  to  the  amount  of 
emanation  present  in  the  product  to  be  analyzed, 
when  work  is  carried  out  under  identical  conditions. 

For  instance,  in  an  experimental  case,  there  will 
be  recorded  in  the  range  of  the  plateau,  2200  tracks 
per  cm2  at  a  voltage  of  440  volts  and  a  radium  con- 
tent of  1.8  X  10-1-  gm. 

We  were  able  to  measure  up  to  5  X  10  14  curies 
with  an  error  of  ±:6%. 

The  method  is  less  speedy  than  those  making  use 
of  the  ionization  chamber  and  electrometer:  it  has 
the  advantage  of  being  simple  and  of  allowing  for 
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Figure  2 

the  simultaneous  identification  of  the  substances  in- 
volved. This  may  be  useful  in  certain  cases. 

The  device  can  easily  be  decontaminated  between 
two  measurements. 

It  may  be  useful  for  periodic  checking  of  activity 
in  uranium  and  thorium  mines,  as  well  as  for  the 
analysis  of  the  air  in  the  vicinity  of  chemical  plants 
engaged  in  the  separation  of  these  elements. 


The  Employment  of  Liquid  Emulsion  for 

the  Estimation  of  Uranium  from  Radioactive  Minerals 


By  F.  A.  G.  A.  Brandao/t   Elisa  Frota-Pessda,* 
and  Waldyr  Perez,**  Brazil 


Neusa  Margem* 


In  the  present  paper1  a  method  for  the  estimation 
of  minerals  in  solution  is  described,  in  which  the  solu- 
tion to  be  estimated  is  mixed  with  liquid  nuclear 
emulsion.  The  slide  obtained  is  compared  with  an- 
other one,  containing  a  standard  solution,  prepared 
under  analogous  conditions. 

Only  minerals  which  do  not  contain  members  of 
the  Th232  family  are  considered  here. 

From  the  analysis  of  the  two  slides  referred  to 
above  we  obtain  the  ratio  of  the  number  of  uranium 
atoms  contained  in  equal  quantities  of  the  radioactive 
mineral  solution  and  the  standard  solution.  Know- 
ing the  number  of  uranium  atoms  per  unit  volume 
for  the  standard  solution,  one  can  determine  the 
corresponding  number  for  the  mineral  solution  and 
therefore  the  U238  content  of  the  mineral. 

Considerations  about  the  diffusion  of  radioele- 
ments  in  nuclear  emulsion  are  also  made. 

Due  to  the  increase  of  interest  in  the  estimation  of 
uranium  and  other  radioelements,  especially  from 
minerals  with  a  low  content  in  these  elements,  sev- 
eral methods  of  estimation  have  been  recently  devel- 
oped utilizing  nuclear  emulsions. 

In  the  existing  methods  for  the  estimation  of 
minerals  in  solution,  ready-made  slides  are  being 
used.  In  the  present  work  a  method  is  developed  by 
which  the  solution  to  be  estimated  is  mixed  with 
liquid  emulsion ;  the  slide  thus  obtained  is  compared 
with  another  slide  prepared  under  analogous  condi- 
tions but  containing  a  standard  solution. 

We  shall  limit  ourselves  here  to  the  case  of  min- 
erals which  contain  elements  solely  of  the  uranium 
family.  The  estimation  of  minerals  which  contain 
both  the  thorium  and  uranium  families,  or  the  tho- 
rium family  alone,  will  be  the  subject  of  a  later 
study. 

METHOD  OF  TITRATION 

The  mixture  of  the  liquid  emulsion  and  the  stand- 
ard solution  of  uranium  salt  is  evenly  spread  out  on 
a  glass  slide,  and  on  another  identical  slide  the  mix- 
ture of  liquid  emulsion  and  mineral  solution  is 
spread.  The  two  slides  should  be  prepared  jointly 
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in  order  to  make  the  comparison:  equal  masses  of 
the  emulsion  and  equal  quantities  of  the  solutions 
should  be  used.  After  having  dried,  the  slides  are 
left  in  a  refrigerator  for  several  days'  exposure,  and 
are  then  developed. 

Before  making  the  comparison  between  the  two 
slides,  histograms  should  be  made  of  the  number 
of  alpha  particles  that  do  not  form  part  of  stars, 
versus  the  range  in  the  emulsion,  both  for  the  stand- 
ard solution  and  for  the  unknown  solution.  This 
histogram  determines,  by  analysis,  the  percentage  of 
radioactive  elements  present. 

Figure  1  represents  the  histogram  obtained  with 
a  solution  of  uranyl  acetate  (  Baker)  used  as  stand- 
ard. It  can  be  seen  that  there  are  two  groups  of 
alpha  particles  with  practically  the  same  number 
of  tracks;  the  first  group  corresponds  to  U238  and 
the  second  group  to  IP34  and  U235 ;  this  is  the  result 
expected  for  chemically  pure  uranium  salts.  Indeed 
U238  and  U234,  being  in  secular  equilibrium,  do  emit 
the  same  number  of  particles  per  second  denoted 
by  n.  Also,  since  the  isotopic  composition  of  urani- 
um is  99.28/0.0057/071  for  U23VU234/U235,  and 
the  decay  period  of  U235  is  one  fifth  that  of  U238, 
there  will  be  O.OSSn  particles  per  second  emitted  by 
U235  in  the  second  group.  The  total  number  of  alpha 
tracks  then  is  2.035  times  the  number  of  alpha  par- 
ticles due  to  U238.  The  histogram  of  the  standard 
solution  should  be  made  in  order  to  verify  its  com- 
position once  and  for  all. 

Figure  2  gives  the  histogram  of  a  uranium  min- 
eral (uraninite  from  Brejaubas)  which  does  not  con- 
tain the  thorium  family.  This  is  seen  by  the  fact 
that  no  thorium  stars  were  observed.  One  sees  that 
there  are  three  groups  of  alpha  tracks :  a  first  group 
corresponding  to  U238;  a  second  group  three  times 
larger  than  the  first,  corresponding  to  U234,  Th230 
and  Ra226;  and  a  third  group  due  to  Po210.  In  the 
present  case  Ra220  gives  mainly  single  alpha  particle 
tracks  in  view  of  the  large  diffusion  of  the  radon 
which  is  produced.1  If  the  Rn  did  not  diffuse,  stars 
would  be  produced.  Appendix  I  indicates  the  method 
used  in  treating  those  cases  in  which  Ra226  does 
not  give  single  tracks.  It  is  found  that,  within  sta- 
tistical errors,  the  p9lonium  group  contains  the  same 
number  of  particles  as  the  U238  group.  This  is  fre- 
quently the  case  with  compact  rocks,  when  there  is 
no  appreciable  loss  of  Rn.  In  these  cases  (and  this 
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paper  is  restricted  to  such),  there  is  no  need  for 
making  out  the  histogram  of  the  mineral.  The  total 
number  of  single  tracks  is  then  5.1  times  the  number 
of  the  U238  tracks.  This  includes  the  tracks  cor- 
responding to  IP35,  Pa231  and  Th227  in  secular  equi- 
librium which  contribute  to  the  second  and  third 
group  (and  amount  3  X  0.035  for  the  number  of 
U-38  tracks). 

For  the  estimation  itself,  one  proceeds  in  the  fol- 
lowing manner : 

First,  a  count  of  the  number  of  alpha  particle 
tracks  per  microscopic  field  on  the  slide  is  made  for 
the  standard  solution.  The  counting  is  clone  for 
various  fields  and  the  arithmetic  average  N8  is  ob- 
tained. Ng/2.035  is  the  mean  number  of  alphas  per 
field  due  to  IP38. 

For  the  slide  containing  the  mineral  solution,  a 
count  is  also  made  of  the  number  of  alpha  particle 
tracks  present  in  a  microscopic  field  but  not  belong- 
ing to  a  star.  The  average  rate  in  this  case  is  denoted 
by  Nm.  The  ratio  Nm/5.l  is  the  mean  number  per 
field  of  alphas  due  to  U238. 

Since  the  time  of  exposure  is  the  same  for  the 
two  slides,  one  gets  the  approximate  value  r,  where 


TOTAL  No.  OF  PARTICLES  :  434 


2.035  Nn 

5.1  Na 


(1) 


for  the  ratio  of  the  number  of  uranium  atoms  con- 
tained in  equal  quantities  of  the  radioactive  mineral 
solution  and  the  standard  solution. 

Knowing  the  number  of  uranium  atoms  per  unit 
volume  for  the  standard  solution,  one  can  then 
determine  the  number  for  the  mineral  solution,  thus 
obtaining  the  IP38  content  of  the  mineral. 

Once  this  content  is  known,  the  corresponding 
quantity  of  radium  can  be  calculated,  using  the  equa- 
tion for  the  secular  equilibrium : 

AaAfa  —  AbATb  (2) 

Aa  and  A&  being  the  constant  of  disintegration  of 
uranium  and  radium  respectively ;  Na  the  number  of 
uranium  atoms ;  and  Nb  the  number  of  radium  atoms 
in  the  given  mineral  mass. 

If  there  is  sizable  diffusion  of  Rn  in  the  rock, 
the  average  number  of  tracks  per  field,  due  to  U288, 
is  obtained  for  the  slide  with  mineral  solution  in 
the  following  way :  one  multiplies  the  average  num- 
ber of  single  tracks  per  field,  by  7\/T,  where  TI  is 
the  number  of  particles  belonging  to  the  U238  group 
in  the  histogram  of  the  mineral,  and  T  is  the  total 
number  of  particles  in  the  histogram. 

RESULTS  OF  OBSERVATION 

In  order  to  verify  the  method,  we  have  made  the 
following  measurements : 

Comparison  between  Three  Solutions  of  Uranyl 

Acetate  (Baker)  of  %0o/  Viooo  and  Hooo 

Concentrations 

For  the  counting,  100  X  objective  and  6X  eye- 
pieces were  used  and  approximately  1000  tracks  were 
counted.  The  result  of  the  measurements  is  shown  in 
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Figure    1.    Histogram    showing   the   distribution    of    ranges   of    a- 
particles  from  uranyl  acetate.  Total  number  of   particles:  434 


the  graph  in  Fig.  3.  Taking  the  ^QQ  solution  as 
standard,  the  concentrations  0.00098  db  0.00003  and 
0.00048  zb  0.000015  were  obtained  for  the  0.001  and 
0.0005  solutions  respectively.  (The  errors  indicated 
are  probable  errors.) 

Estimation  of  a  Uranyl  Nitrate  Solution  (Baker), 
Taking  as  Reference  a  Solution  of  Uranyl  Acetate 

The  concentration  of  the  acetate  solution  used  was 
%ooo  and  that  of  nitrate,  Viooo-  The  result  obtained 
for  the  concentration  of  nitrate  was  0.001  it  0.00003. 
45  X  objective,  and  6X  eyepieces  were  used,  and 
about  1000  tracks  were  counted.  It  was  assumed  that 
in  the  nitrate  there  were  only  U238,  U234  and  U235 
isotopes  as  for  the  acetate,  since  both  salts  came  from 
the  same  laboratory. 

Determination  of  Radium  Content  in  the  Uraninite 
from   Brejaubas  (Minas  Gerais) 

The  solution  used  as  standard  was  %ooo  uranyl 
acetate  (Baker).  The  histogram  of  Fig.  3  was  ob- 
tained for  the  mineral  solution.  It  showed  about  200 
alpha  particles  which  did  not  belong  to  the  elements 
U238,  U234,  Th230  and  Ra226  (the  majority  of  them 
were  due  to  Po). 
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Figure  2.  Histogram   showing  the  distribution  of  a-particles  from 
the  radioactive  mineral.  Total  number  of  particles:  956 


276 


VOL.  VIII         P/136         BRAZIL         F.  A.  G.  A.  BRANDAO  ef  a/. 


3 

Ul 

i» 


20 


ft 
S 


10- 


2000  x  CONCENTRATION  URANYL  ACETATE 


1234  »        * 

Figure   3.  Graph   of   the   mean   number  of  particles   per   field   of 

view  of  the  microscope  as  a  function  of  the  concentration  for  a 

solution  of  uranyl  acetate 

In  measurements  made  in  two  slides  employing 
the  same  MJOOO  mineral  solution,  the  results  obtained 
were  275  and  263  mg  of  radium  per  ton  ( 1CXXJ  track 
counts  made  per  slide ) . 

These  results  are  in  accordance  with  those  of  Costa 
Kibeinv*  who  obtained  for  this  mineral  a  content 
of  253  mg  of  radium  per  ton,  with  individual  values 
ranging  between  232  and  273  mg. 

In  all  the  measurements,  the  time  spent  between 
the  preparation  of  the  slides  and  their  development 
was  approximately  three  days. 

PREPARATION  OF  THE  SOLUTIONS 

Considering  that  the  neutrality  of  the  solutions  of 
the  uranium  salts  used  is  important  to  guarantee  the 
sensitivity  of  the  nuclear  emulsion,4  all  the  radio- 
active solutions  employed  were  neutralized  after 
being  previously  treated  with  citric  acid.  This  acid 
forms  a  complex  with  the  uranium5'  6  and  avoids  its 
precipitation  when  the  solution  is  neutralized  by 
ammonium  hydroxide.7 

PREPARING  THE  SLIDES 

From  a  sheet  of  glass  of  uniform  thickness  (pre- 
ferably one  prepared  by  Tlford  especially  for  nuclear 
slides),  the  slides  are  cut  into  the  dimensions  desired. 
A  surface  of  approximately  22.8  cm-  was  used  in  the 
present  work.  The  slides  are  then  weighed  on  an 
accurate  scale,  the  reason  for  the  weighing  being 
obvious  from  what  follows : 

Given  masses  of  the  solutions  to  be  compared  are 
mixed  with  known  masses  of  the  emulsion.  The 
weighing  of  the  emulsion  and  of  the  solution  is  re- 
commended as  being  more  precise  than  measuring 
the  volume;  for  instance,  the  measurement  of  0.5 
cm8  of  solution  with  a  precision  pipette  of  0.1  cnr1 
is  susceptible  to  an  error  of  2.5%.  Nearly  two  grams 
of  emulsion  and  about  0.5  cm8  of  solution  were  used 
per  slide. 

Place  the  mixture  in  a  bath  at  51°C  for  20  min- 
utes in  order  to  melt  the  emulsion;  stir  it  with  a 
glass  rod.  Spread  the  liquid  over  the  slides  which 
are  placed  on  a  level  plane,  and  then  leave  them 


to  dry.  To  facilitate  drying,  the  plate  containing  the 
slides  may  be  warmed  a  little  by  putting  a  lamp 
beneath  it  and  by  using  a  ventilator  in  order  to 
circulate  air  over  the  emulsion. 

To  compare  the  thickness  of  emulsion  in  the 
several  slides,  weigh  the  plates  again  after  drying. 
The  relation  between  the  mass  of  emulsion  and  the 
mass  of  the  glass  gives  a  number  proportional  to 
the  thickness  of  the  emulsion.  This  number  allows 
one  to  reduce  the  results  of  the  counting  in  the 
several  plates  to  the  same  thickness. 

DEVELOPING  AND  FIXING 

1.  Developer    was:s    distilled    water    1000    cm"; 
boric   acid,  35   gin;   sodium  sulphite    (anhydrous), 
18  gin;  potassium  bromide  (W,l   solution),  8  cm3; 
amidol,  4.5  gm.  Developing  time  was  20  minutes. 
Developing  teni|>erature  was  28°  C. 

2.  Stop  bath  was  0.2 'r   acetic  acid  solution.  Time 
was  one  hour;  temperature  was  28°C  initially,  grad- 
ually lowered  to  4°C. 

3.  Fixing    bath    was   40',,'     sodium    hyposulphite 
solution  at  a  temperature  of  10  to  15°C.   After  fix- 
ing, the  slides  are  washed  in  water  at  10°  C,  which 
is  renewed  each  half  hour. 

COUNTING 

A  field  is  selected,  with  a  diameter  which  is  large 
in  relation  to  the  range  of  the  particles.  Count  the 
tracks  within  the  field,  and  to  this  number  add  half 
the  number  of  those  tracks  noi  entirely  contained 
within.  This  sum  is  the  number  of  tracks  per  micro- 
scopic field,  referred  to  in  the  titration  method. 

CONCLUSIONS 

The  method  of  estimation  developed  in  the  present 
work  gave  a  3',,  precision  in  the  conditions  of  our 
measurements. 

The  following  advantages  of  the  present  method 
over  other  methods  of  estimation  with  emulsion  are 
apparent : 

The  fact  that  there  is  absorption  of  alpha  particles 
only  by  the  emulsion  itself  presents  an  advantage 
over  those  methods  in  which  the  solution  is  not 
placed  directly,  in  the  emulsion." 

The  advantage  over  the  drop  method  is  that  in 
this  case  it  is  not  necessary  to  count  all  tracks  in 
regions  where  the  solution  is  present  on  the  plates. 

The  method  of  soaking  ready-made  plates  in  solu- 
tion presents  difficulties  concerning  the  equilibrium 
of  the  concentrations  between  solution  and  nuclear 
emulsion11  and  the  velocity  of  diffusion  of  different 
elements  in  the  emulsion12,  difficulties  which  do  not 
appear  in  the  present  method. 
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APPENDIX 

Correction  for  diffusion  and  long  time  exposures 
Equation  1  for  the  ratio  r  of  the  number  of 
uranium  atoms  in  the  mineral  solution  and  in  equal 
volume  of  the  standard  solution  does  not  take  into 
account  the  following  facts:  non-diffused  radon; 
diffusion  of  radon  decay  products;  and  influence  of 
exposure  time. 

Non-diffused  radon 

If  the  Rii"~,  resulting  from  the  disintegration  of 
Ra2LMI,  does  not  diffuse,  a  4-branch  star  will  be  pro- 
duced instead  of  a  single  track  as  assumed  in  Equa- 
tion 1.  This  is  not  important  in  our  case  as  can  be 
seen  from  the  following  fact:  If  all  Rn222  were 
retained,  then  20%  of  the  disintegrated  Ra22r>  in 
the  emulsion  would  give  rise  to  4-branch  stars  for 
a  3  days'  exposure.1-'1  In  our  case,  for  three  days' 
exposure,  only  2f/<  of  such  stars  were  produced. 

Diffusion  of  radon  decay  products 
When  Rn-2-  disintegrates  in  the  emulsion,  not 
only  3-branch  stars  can  be  produced  but  also  1- 
branch  stars  with  a  nearby  single  track.1'1  This  is 
due  to  the  diffusion  of  Hi2"  and  (or)  Pb-14.  These 
single  tracks  were  not  considered  in  the  deduction 
of  Equation  1.  Jn  the  present  case  the  error  clue  to 
these  tracks  is  small,  because1  most  of  the  diffused 
Rn---  leaves  the  emulsion. 

Influence  of  exposure  time 

For  long  exposure  times,  not  only  the  effect  of 
the-  non-diffused  Rn222  increases,  but  also  a  new 
source  of  error  appears.  This  is  due  to  the  fact  that 
Ra22a,  resulting  from  Th227,  has  an  11.4  day  half- 
life.  So  for  long  exposures  besides  the  single  tracks 
from  Th--7  also  5-branch  stars  will  be  produced, 
and  a  small  error  will  be  introduced,  if  Equation  1 
is  used. 

The  correct  formula,  taking  into  account  the  facts 
above  referred  to,  is: 


r  =  • 


2.035 


5.14  A^ 


Here  Nm'  is  the  average  number  per  field  of: 
single  tracks  plus  4-branch  stars  plus  tivicc  the  5- 
branch  stars  minus  2-branch  stars. 

This  formula  is  obtained  by  a  detailed  examina- 
tion of  all  the  configurations  of  tracks  that  can  occur 
in  the  emulsion  taking  into  account  all  the  existing 
radioelements  and  their  known  diffusion  properties. 
We  do  not  take  into  account  the  possible  diffusion  of 
Rn210  in  view  of  the  short  lifetime*  (4  sec)  of  this 
element. 
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Chromatographic  Determination  of  Uranium 
in  Various  Materials 


By  D.  I.  Ryabchikov  and  M.  M.  Seniavin,  USSR 


The  methods  of  preliminary  isolation  of  pure 
uranium  are  very  important  (equally  to  selective 
methods  of  direct  determination)  for  the  quantita- 
tive analysis  of  materials,  containing  uranium. 

The  chromatographic  method  elaborated  by  Tsvet1 
in  1903  has  found,  along  with  extraction,  extensive 
application  in  recent  years  among  the  methods  men- 
tioned above. 

The  chromatographic  method  of  separating  mix- 
tures assumes  a  relative  movement  between  sorbent 
and  mixture  to  be  analysed. 

Arising  as  a  result  of  the  original  generalization 
by  Tsvet  of  achievements  in  the  sphere  of  sorption 
phenomena2  this  method  evolved  naturally  as  a 
particular  case  of  a  simple  dynamic  method  of  sep- 
arating a  known  solution.  Therefore,  unlike  Samuel- 
son's  concept;'1  we  shall  not  make  a  sharply  marked 
distinction  between  simple  dynamic  methods  of  ion 
exchange  and  ion  exchange  chromatography. 

The  extensive  application  of  the  chromatographic 
method,  first  to  the  investigation  of  the  composition 
of  plant  pigments  and  later  in  numerous  branches 
of  analytical  chemistry,  began  essentially  in  the 
thirties.  Thousands  of  investigations  dealing  with  the 
application  of  this  method  in  analytical  practice  are 
known  nowadays.  The  utilization  of  this  method  is 
aimed,  as  is  known,  at  isolating  the  necessary  com- 
ponent in  a  pure  state;  further  quantitative  deter- 
mination of  the  isolated  element  is  performed  by 
means  of  common  chemical  or  physicochemical  meth- 
ods4 even  non-specific  for  the  element.  The  chroma- 
tographic method  may  be  utilized  both  for  analytical 
and  preparative  purposes  and  it  has  been  already 
applied  in  a  number  of  branches  of  fine  chemical 
technology  and  hydrometallurgy.  In  a  chromato- 
graphic experiment  carried  out  under  proper  con- 
ditions the  precision  and  sensitivity  of  the  analysis 
depends,  on  the  whole,  on  specific  features  of  the 
method  applied  for  determining  the  elements  (includ- 
ing uranium). 

Accumulation  of  profound  knowledge  in  fields  ad- 
jacent to  chromatography  has  greatly  promoted  a 
rapid  development  of  the  chromatographic  method. 
Some  researches  on  the  dynamics  of  sorption  should 
be  mentioned  in  this  connection.  The  chief  prin- 
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ciples  of  the  dynamics  of  sorption  of  gases  and 
vapours  with  the  utilization  of  active  carbon  were 
formulated  by  Shilov  as  far  back  as  1916.  The  main 
results  of  these  researches  were  published  in  1929.6 
The  investigations  showed  that  in  dynamic  condi- 
tions a  parallel  shifting  of  the  sorption  front  is 
established  in  the  sorbent  bed.  Later  Dubinin0  dis- 
covered that  the  distortion  of  the  front  is  due  to 
kinetic  factors.  The  complete  quantitative  theory 
of  the  dynamics  of  adsorption  was  given  by  Zhukho- 
vitsky,  Tikhonov,  Zabezhinsky7-8  and  others.  It  fol- 
lowed from  this  theory  that  a  parallel  shifting  takes 
place  when  we  have  a  convex  isotherm.  These 
authors  revealed  a  relative  role  of  internal  and 
external  diffusion  and  showed  that  the  greater  the 
coefficient  of  sorption  the  more  manifest  is  the  role 
of  external  diffusion.  This  conclusion  was  later 
proved  by  many  experiments  on  sorption  of  gases 
and  solutes,  the  results  of  which  coincided  with 
theses  of  this  theory. 

The  proper  choice  of  sorbents  is  of  great  impor- 
tance for  the  chromatographic  separation.  In  view  of 
this,  a  number  of  investigations  have  been  carried 
out  to  study  sorbents.  Kiselev9- 10'  u  elaborated  an 
adsorption-calorimetric  method  of  studying  the  struc- 
ture of  adsorbents.  The  results  obtained  proved 
that  the  skeleton  structure  of  silica  gel  is  shaped  in 
the  main  trough  the  adhesion  of  separate  colloid 
micelles  of  silicic  acid.  The  absolute  values  (per 
unit  of  surface)  of  adsorption  and  of  the  adsorption 
heat  in  respect  to  quartz  and  silica  gels  of  various 
porosity  were  established. 

The  influence  of  changes  in  the  chemical  nature 
of  surface  and  the  influence  of  the  narrowing  of 
pores  were  separately  studied;  the  reasons  that  ac- 
celerate the  adsorption  in  narrow  pores  for  a  num- 
ber of  substances  were  also  found  out. 

An  immense  quantity  of  sorbents  is  now  used  in 
chromatography.  According  to  their  nature  and,  con- 
sequently, to  the  mechanism  of  interaction  between 
the  sorbents  and  the  components  of  the  mixture  to 
be  analysed,  the  scientists  distinguish  adsorption,  ion- 
exchange  and  distribution  chromatography.  The  ion 
exchange  and  distribution  chromatography  are  of 
prime  importance  for  the  separation  of  ion  mixtures. 
This  report  is  devoted  to  the  application  of  these 
kinds  of  chromatography  for  isolating  uranium. 
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ION    EXCHANGE   CHROMATOGRAPHY 

A  high  separating  capacity  of  the  chromatographic 
method  is  demonstrated,  for  example,  by  the  experi- 
ments on  the  chromatographic  separation  of  mix- 
tures of  rare  earths  and  isotopes.  It  is  essential  that 
this  method  makes  it  possible  to  separate  mixtures 
with  any  ratio  of  components.  Laskorin  and  Ulyanov 
have  succeeded  in  working  out  an  effective  ion- 
exchange  method  of  separating  radium  from  barium. 
The  high  effectiveness  of  the  chromatographic  sep- 
aration is  first  of  all  due  to  the  multiplicity  of  single 
passes  between  the  components  of  mixture  and  the 
sorbent,  which  is  so  essential  to  this  method.  Of 
course,  it  is  clear  that  the  value  of  the  enrichment 
coefficient  obtained  in  a  single  pass,  is  also  signifi- 
cant. In  the  separation  of  ion  mixtures  the  value  of 
the  coefficient  is  determined  by  the  nature  and  prop- 
erties of  sorbent  as  well  as  by  the  chemical  and 
physico-chemical  properties  of  elements  which  are 
of  great  importance  for  choosing  the  optimum  con- 
ditions for  carrying  out  a  chromatographic  experi- 
ment. Since  there  is  a  considerable  difference  in 
chemical  properties  between  uranium  and  the  im- 
purity elements,  the  mixtures  can  be  separated,  in 
most  cases,  through  a  single  passage  of  the  given 
solution  with  sorbent  under  dynamic  conditions. 

The  laws  of  statics  of  ion  exchange  on  which  the 
ion  exchange  chromatography  is  based,  were  first 
formulated  by  Gedroyts12  and  constituted  the  core 
of  his  teaching  on  the  absorbing  capacity  of  the  soil. 

The  consideration  of  ion  exchange  as  a  hetero- 
geneous reaction  which  is  governed  by  the  law  of 
mass  action  enable  Rakovsky13  and  other  researchers 
to  establish  the  interdependence  between  the  amount 
of  sorption  and  the  concentration  of  substances  in 
solutions.  The  equation  suggested,  for  example  by 
Nikolsky,14  was  confirmed  by  a  large  amount  of 
experimental  material.  The  theoretical  laws,  in  the 
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Figure  1.  Isothermi  of  uranium  by  various  cationites:  (1)  Wofatit 
KS;  (2)  SBS;  (3)  MSF;  (4)  Wofatit  R;  (5)  sulfonated  coal 


sphere  of  the  dynamics  of  sorption,  established  for 
physical  sorption  may,  as  it  was  found,  be  success- 
fully applied  to  ion  exchange.  Jt  was  shown  that 
when  we  have  a  convex  (in  respect  to  ions  of  exter- 
nal solution)  isotherm,  a  parallel  shifting  of  the 
front  of  sorption  takes  place,  as  is  seen  from  Shilov's 
formula.  For  ion  exchange  in  dilute  solutions  (large 
coefficient  of  sorption),  the  kinetics  are  determined 
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Figure  2.  Elution  curves  of  uranium  for  various  cationites:  (1) 
Wofatit  C;  (2)  KU-1;  (3)  SBS;  (4)  RF;   (5)  KU-2 

by  external  diffusion  while  in  more  concentrated 
solutions  by  internal  diffusion.  The  determination 
of  the  diffusion  coefficients  of  ions  with  several  types 
of  cationites  was  carried  out  in  this  connection. 

In  researches  on  the  dynamics  of  ion  exchange, 
scientists  have  also  applied  "plate"  methods. 

A  number  of  investigations  by  Gapon15  deal  with 
these  methods  of  calculation.  Later,  Tunitsky10 
showed  that  the  "plate."  method  can  to  a  certain  ex- 
tent account  for  the  kinetics  of  sorption,  too.  Thus, 
comparing  the  precise  solutions  of  the  equations  of 
sorption  dynamics  with  the  results  ovf  calculations 
by  the  "plate"  method,  it  was  found  possible  to 
establish  the  connection  of  the  length,  equivalent  to 
a  theoretical  plate,  with  kinetic  parameters  (coeffi- 
cients of  internal  and  longitudinal  diffusion,  etc.). 

Most  of  the  researches  on  ion  exchange  chroma- 
tography are  now  carried  out  with  synthetic  ion 
exchange  resins.  Some  data  on  their  synthesis  and 
properties  are  published  in  a  number  of  papers.17'-1 
It  was  found  that  for  analytical  purposes  it  is  more 
expedient  in  many  cases  to  use  the  cationate  KU-2 
(a  sulfonated  copolymer  of  stymie  and  di vinyl- 
benzene)  ;  this  cationite  has  comparatively  better 
kinetic  characteristics.  That  is  why  the  majority  of 
experiments  on  the  chromatographic  isolation  of  uran- 
ium with  the  aid  of  cationites  were  carried  out  with 
the  cationite  KU-2;  cases  of  the  employment  of 
other  cationites  are  given  below.  Some  experimental 
data  on  the  absorption  of  uranium  under  static  and 
dynamic  conditions  are  shown  in  Figs.  1  and  2. 

The  separation  of  mixtures  by  the  method  of  ion 
exchange  chromatography  is  based  upon  the  depend- 
ence of  the  sorption  ability  of  ions,  on  the  sign  and 
value  of  the  charge,  as  well  as  on  the  degree  of 
hydration  of  ions,  it  is  evident  that  the  latter  factor- 
difference  in  the  degree  of  hydration  is  essential 
only  for  the  separation  of  mixtures  containing  ele- 
ments similar  in  their  chemical  characteristics  (for 
example,  mixtures  of  alkali  metals)  and  less  im- 
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portant  for  the  elaboration  of  a  method  of  the 
chromatographic  separation  of  uranium  from  associ- 
ated impurities.  The  separation  of  thorium  from  uran- 
ium, iron,  aluminium,  calcium,  magnesium  and  cop- 
per,22 and  of  uranium  from  iron  and  copper23  is 
based  on  the  dependence  of  the  sorption  properties 
of  the  ions  and  upon  the  value  of  their  charge.  The 
absorption  of  uranyl  and  thorium  ions,  under  static 
and  dynamic  conditions,  by  a  number  of  sulfo- 
cationites  in  the  hydrogen,  potassium  and  magnesium 
forms  was  examined  in  detail  in  a  number  of  re- 
searches (Laskorin,  Pesotskaya).  The  experimental 
data  of  the  dependence  of  absorption  value  of  ions  of 
the  above-mentioned  elements  upon  the  pH  of  the 
medium  enabled  the  authors  to  determine  the  con- 
ditions for  the  ion  exchange  separation  of  mixtures 
of  uranium  and  thorium  containing  equal  or  com- 
paratively smaller  amounts  of  thorium.  Nikolsky  and 
Trofimov  have  also  discovered  the  selective  absorp- 
tion of  thorium  from  0.5-1  .ON,  solutions  of  hydro- 
chloric or  nitric  acid.  Such  a  separation  is  well 
accomplished  in  regard  to  both  macro  quantities  of 
uranium  and  thorium,  and  mixtures  containing  tracer 
amounts  of  thorium.  This  method  is  a  most  simple 
and  effective  way  of  isolating  the  thorium  isotope 
(UXi)  from  uranium  solutions.  With  the  decrease 
of  the  concentration  of  hydrogen  ions  in  solutions 
containing  uranyl  and  thorium  ions,  the  absorption 
of  thorium  ions  by  sulfocationite  ceases  earlier  than 
the  absorption  of  uranyl  ions.  When  the  pH  of  the 
solutions  equal  3.8-4.5,  we  observe  the  selective  ab- 
sorption of  uranyl  ions  and  the  separation  of  uran- 
ium from  thorium  becomes  more  complex  and  can 
be  carried  out  only  with  a  weak  concentration  of 
thorium  in  solutions.  Such  an  experiment  is  per- 
formed only  in  a  comparatively  narrow  interval  of 
pH  (3.8-4.5).  When  the  index  of  pH  is  considerably 
higher  or  the  concentration  exceeds  5  gm/1,  precipita- 
tion of  thorium  hydroxide  occurs. 

The  methods  of  chromatographic  separation  of 
mixtures  based  on  the  difference  in  signs  of  the  ion 
charge  are  most  effective. 

The  nature  of  ion  exchange  resins  (cationites  or 
anionites)  makes  it  easier  to  isolate  in  a  pure  state 
an  element  which  can  exist  under  proper  conditions 
either  in  the  form  of  a  cation  or  an  anion.  Such  an 
ability  is  possessed  by  the  amphoteric  elements  and 
elements  forming  complex  compounds  in  which  the 
elements  become  part  of  the  anion.  It  should  be  re- 
membered that  specific  chromatographic  conditions 
in  this  way  allow  the  desorption  of  the  elements 
only  in  the  state  of  soluble  compounds.  Thus,  knowl- 
edge of  the  chemical  properties  of  the  elements  makes 
it  possible  to  outline  a  number  of  methods  for  the 
ion  exchange  isolation  of  uranium  from  industrial 
solutions.  Though  it  may  seem  strange,  there  are 
only  a  few  papers  published  on  this  subject.  Refer- 
ence can  be  made  to  the  paper  of  Disdar,24  who 
applied  ion  exchange  to  the  determination  of  traces 
of  cadmium  in  uranium,  and  to  Helger's  paper25 
describing  the  ion  exchange  separation  of  uranium 


from  sulfate  and  phosphate  ions  which  interfere 
in  the  extraction  of  the  metal. 

Uranium  is  an  amphoteric  element  but  if  we  treat 
a  uranium  compound  by  any  alkali,  insoluble  diu- 
ranates  are  precipitated.  Thus,  if  we  simply  let  a 
moderately  acid  solution,  containing  uranium  and 
impurities,  pass  through  a  cationite  in  the  hydrogen 
form,  we  may  easily  separate  uranium  from  ele- 
ments present  in  the  solution  as  anions  and,  by  a 
subsequent  treatment  of  sorbent  with  alkali,  separate 
it  from  such  amphoteric  elements  as  aluminium, 
vanadium,  molybdenum,  etc.  The  ability  of  elements 
to  form  complex  compounds  can  be  utilized  for  the 
separation  of  uranium  from  cations  of  non-ampho- 
teric  elements  (iron,  etc.).  An  experiment  of  this 
kind  is  mostly  reduced  to  the  absorption  of  ions  by 
cationites  first,  and  then  to  the  selective  desorption 
of  uranium  or  impurities  by  the  solution  of  a  cor- 
responding complex -forming  compound. 

One  of  the  investigations  (by  Voskresenskaya) 
shows  that  when  carbon  ashes  are  treated  with  acid, 
uranium  quantitatively  dissolves;  vanadium  and 
molybdenum  dissolve  simultaneously,  interfering  in 
the  weight  and  colorimetric  determination  of  ura- 
nium. The  suggested  method  of  separating  uranium 
from  the  impurities  mentioned  above  was  based  on 
washing  off  the  latter  from  the  cationite  column  in 
the  form  of  peracids.  As  a  result  of  a  number  of 
experiments  the  author  found  that  the  dynamic 
capacity  of  paraphenolsulfonic  cationite  with  respect 
to  uranium  from  0.144 AT  solution  of  acid  equalled 
160  mg/gm ;  a  further  concentration  of  the  solution 
led  to  a  sharp  decrease  of  the  absorption  value  which 
made  it  possible  to  clesorb  uranium  quantitatively 
(Fig.  3).  The  separation  proceeded  in  the  follow- 
ing way :  after  the  absorption  by  the  cationite  of  all 
cations  from  the  given  mixture  and  washing  the 
column  with  water,  a  5%  solution  of  hydrogen  per- 
oxide was  passed  through  it  to  elute  vanadium  and 
molybdenum.  In  order  to  remove  the  bubbles  of 
oxygen  from  the  column,  the  latter  was  washed  with 
a  stream  of  water  from  below  and  uranium  was 
desorbed  by  5%  sulphuric  acid.  The  amount  of  uran- 
ium in  the  effluent  was  found  colorimetrically  or 
by  the  weight  method.  The  coincidence  of  the  results 
of  the  chemical  method  and  those  of  the  chromato- 
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Figure  3.  Influence  of  pH  upon  the  absorption  of  uranium,  molyb- 
denum, vanadium,  tungiten  and  iron  (cationite  KU-2  in  the  hydrogen 
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graphic  method  described  above  has  provided  a  basis 
for  the  application  of  the  latter  method  in  analyses 
of  carbon  ashes  on  a  large  scale. 

The  principle  of  another  method  (suggested  by 
Ryabchikov,  Paley  and  Mikhailova)  is  that  most  of 
the  elements  associated  with  uranium  form,  in  neu- 
tral or  weak  acidic  media,  stable  complex  compounds 
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Figure  4.  Influence  of  pH  upon  the  absorption  of  uranium,  molyb- 
denum, vanadium,  wolfram  and  iron  (cationite  KU-2  in  the  sodium 
form) 
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Figure  5.  Influence  of  pH  in  the  presence  of  EDTA  upon  uranium, 

molybdenum,  vanadium,    wolfram  and  iron  (cationite  KU-2  in  a 

hydrogen  form) 

with  salts  of  ethylenediamine  tetra-acetic  acid.  After 
a  thorough  study  of  the  absorption  of  uranyl  and 
other  ions  by  the  cationite  KU-2  in  the  presence  and 
in  the  absence  of  EDTA  (Figs.  3-6),  the  authors 
suggested  the  following  method  of  separating  uran- 
ium from  iron,  vanadium,  molybdenum,  tungsten, 
copper  and  lead.  The  disodium  salt  of  EDTA  (in 
a  quantity  equivalent  to  the  approximate  amount  of 
uranium  and  impurity  elements  which  may  form 
complex  compounds  with  the  EDTA)  was  added 
to  the  solution  to  be  analysed  and  the  acidity  of  the 
solution  was  brought  up  to  pH  =  1.8-2.0;  then  the 
solution  was  passed  through  the  column  of  the  cation- 
ite KU-2  in  the  sodium  form.  All  the  above-men- 
tioned impurities  were  eluted,  while  uranium,  after 
washing  the  column  with  water  was  desorbed  by  a 
10%  solution  of  nitric  or  sulfuric  acid.  The  effluent 
uranium  was  determined  by  the  colorimetric  and 
vanadometric  methods.  The  suggested  method  was 
verified  on  a  number  of  reference  species  and  the 
results  coincided  fairly  well  with  the  standard  data; 


this  enabled  the  scientists  to  apply  this  method  to 
the  analysis  of  ores  and  various  uranium-bearing 
materials. 

Some  investigations  deal  with  the  attempts  to  sep- 
arate impurities  from  uranium  using  anionites,  the 
impurity  elements  being  absorbed  in  a  complex  anion 
from.  Titov,  Khalizova  and  Smirnova  demonstrated 
a  predominant  (as  compared  with  uranium)  absorp- 
tion by  anionite  MMG-1  (product  o*f  condensation 
of  urea  and  melamine  with  guanidine)  of  iron  from 
3N  hydrochloric  acid;  of  vanadium  from  O.SM  solu- 
tions of  oxalic  or  citric  acids;  of  cerium  from  O.SM 
solutions  of  oxalic  acid  with  pH  =  1.4.  But  quantita- 
tive separation  was  not  achieved  in  any  of  those  cases 
(Fig.  6). 

Experiments  in  which  complex- forming  com- 
pounds were  utilized  for  the  selective  elution  of 
uranium  from  the  cationate  column  represent  a  sep- 
arate group.  Ryabchikov,  Senyavin,  Mikhailova  and 
Sarigina  and  later  Klement26  utilized  ammonium 
carbonate  which  forms  a  stable  complex  with  uran- 
ium. The  experimental  data  on  eluting  uranium 
by  ammonium  carbonate  from  various  types  of 
cationites  are  given  in  Table  I.  The  length  of  the 
column  is  10  cm,  the  rate  of  the  solution  flow 
1  cm/mm. 
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Figure  6.  Influence  of  pH  in  the  presence  of  EDTA  upon  uranium, 

molybdenum,  vanadium,  wolfram  and  iron   (cationite  KU-2   in    o 

sodium  form) 

The  principle  of  this  method  consists  in  eluting 
aluminium  and  vanadium  from  the  column  of  cat- 
ionite in  the  form  of  aluminate  and  vanadate  with 
subsequent  elution  of  uranium  by  ammonium  car- 
bonate. The  solution  under  analysis  with  pH  =  1.5- 
2.0  was  filtered  through  the  column  of  cationite  in 
the  hydrogen  form,  then  the  column  was  washed 
with  distilled  water  and  after  that  treated  with  a 
10%  solution  of  ammonia  to  elute  aluminium  and 
vanadium.  This  characterizes  the  specific  nature  of 
the  chromatographic  experiment  as  a  dynamic  experi- 
ment. The  utilization  of  ammonia  is  more  preferable 
as  compared  with  alkalies  because  it  can  easily  be 
freed  from  carbonates  and  possesses  small  replacing 
power  owing  to  its  low  degree  of  dissociation.  After 
the  percolation  of  the  column  by  alkali,  a  process 
which  simultaneously  neutralizes  the  hydrogen  ions 
of  the  cationite,  uranium  was  eluted  by  a  hot  5%> 
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solution  of  ammonium  carbonate.  The  results  of  this 
method  coincided  fairly  well  with  common  chemical 
methods  and  this  made  it  possible  to  recommend  the 
chromatographic  method  for  the  determination  of 
small  amounts  of  uranium  in  ores,  deposits  and  waste 
waters.  In  determining  the  amount  of  uranium  in 
dilute  solutions  (in  waste  waters,  for  instance)  by 
low-sensitivity  methods  it  is  recommended  that  a 
preliminary  co-precipitation  of  uranium  with  iron 
hydroxide  is  carried  out. 

In  the  method  described  above,  ammonium  car- 
bonate can  be  substituted  by  sodium  fluoride  ( Khali- 
zova  and  Smirnova).  Uranyl  ions  form,  as  is  known, 
stable,  easily  soluble,  complex  compounds  with  flu- 
orine. At  the  same  time,  as  the  authors  showed, 
sodium  fluoride  did  not  desorb  iron  from  the  cationite 
column,  the  column  being  previously  treated  with  an 
ammonia  solution.  This  fact  enables  the  authors  to 
apply  this  method  to  the  analysis  of  solutions,  con- 
taining large  amounts  of  iron.  In  the  effluent  ob- 
tained, uranium  was  determined  directly  by  the  col- 
orimetric  method.  The  determination  of  the  uranium 
in  the  reference  samples  by  the  above  mentioned 
method  made  it  possible  to  recommend  it  for  ana- 
lytical purposes. 

Another  change  in  the  method  described  previously 
was  suggested  by  Sobinyakova,  Rubinstein  and  Mak- 
sheeva.  Examining  the  process  for  eluting  uranium 
from  the  column  of  the  cationite  KU-2  or  MSF 
(product  of  condensation  of  paraphenolsulfonic  acid 
with  formaldehyde) — in  the  column  treated  previ- 
ously with  ammonia — the  authors  found  that  uran- 
ium in  the  form  of  a  complex  anion  is  desorbed 
selectively  and  in  smaller  volume  by  a  5%  solution 
of  ammonium  acetate.  It  is  essential  that  pll  of  the 
solution  be  5.0-5.5,  because  a  higher  acid  concen- 
tration leads  to  a  desorption  of  iron,  while  a  neutral 
medium  causes  a  slow  desorption  of  uranium. 

Preliminary  data  have  been  obtained  in  a  num- 
ber of  researches  on  the  selective  absorption  of  uran- 
ium by  anionites,  the  metal  being  previously  com- 
plexed.  Investigations  were  also  carried  out  on  the 
absorption  of  uranium  in  dynamic  conditions  by 
various  anionites  from  carbonate  solutions,  contain- 
ing 0.74  gm/1  of  uranium;  the  results  are  given  in 
Table  II. 

A  simple  and  quick  method  was  elaborated  by 
Markov,  Kharlamov  and  Medvedeva,  which  is  based 
on  the  selective  sorption  of  uranium  by  anionites  and 
permits  the  rapid  determination  of  uranium  in  natu- 
ral water.  In  the  latter,  uranium  is,  as  a  rule,  a  com- 
ponent or  uranyl  carbonate  anion  complex  and  for 
its  sorption  the  anionite  MMG  was  utilized,  previ- 
ously converted  into  the  bicarbonate  form. 

The  determination  proceeds  as  follows :  the  water 
under  analysis  was  passed  through  the  anionite  bed ; 
after  nitration  the  resin  was  taken  out  from  the 
column  and  placed  into  a  glass  where  it  was  dissolved 
on  heating  in  concentrated  hydrochloric  acid.  In  the 
solution  obtained,  the  amount  of  uranium  was  deter- 
mined by  the  fluorescent  method.  This  method  allows 


the  determination  of  0.020-0.002  mg/1  of  uranium 
to  be  carried  out  ( with  a  relative  error  of  ±:  15%). 

An  attempt  was  made  to  separate  chromatographi- 
cally  acetates  of  hexavalent  uranium  and  thorium 
with  the  weakly  basic  anionite  wofatit  M  (Nikolsky, 
Paramonova  and  Djugina).  Proceeding  from  the 
data  obtained,  the  authors  supposed  that  the  external 
sphere  of  the  complex  contains  thorium,  because  a 
further  concentration  of  thorium  acetate  made  the 
anionic-uranium  acetate  complex  more  stable. 

The  high  effectiveness  of  the  complex-forming 
compounds  utilized  in  the  chromatographic  isolation 
of  pure  uranium  requires  a  more  detailed  examina- 
tion of  their  methods  of  application. 

In  this  connection  the  synthesis  of  ion  exchange 
resins  capable  of  selectively  absorbing  either  ele- 
ment from  solutions  of  various  compositions  is  of 
great  interest. 

Thorough  investigations  on  the  ways  of  synthesis 
of  cationites  for  absorbing  uranyl  ions  were  made 
by  Laskorin.  Studying  the  absorption  of  uranyl  ions 
by  cationites  with  various  functional  groups,  he 
found  out  that  the  presence  of  foreign  salts  has 

Table  I.     Absorption  of  Uranium  by  Cationites  and 
Its  Desorption  by  Ammonium  Carbonate* 
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Total 
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SO3H;OH 

90.8 

97.6 
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KU-2 

SO3H 
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183.2 

450 

SBS 

SOiH 

104.1 

108.5 

875 

RF 

P02OH 

103.3 

131.3 

950 

Wofatit 

C     COOH 

13.3 

30.9 

750 

*  The  table  demonstrates  that  in  the  absorption  of  uranyl 
ions  and  their  desorption  by  the  ammonium  carbonate  solu- 
tion, the  cationite  KU-2  gives  the  best  results.  Thus  the 
cationite  KU-2  was  used  in  this  research. 


almost  no  influence  on  the  capacity  of  selective  cat- 
ionites, whereas  in  5%  solution  of  sodium  sulfate 
the  capacity  of  the  sulfocationite  KU-2  in  respect 
of  uranium  was  practically  nil,  the  capacity  of 
another  type  of  selective  cationites  under  the  same 
conditions  decreased  only  from  80  to  50  mg/gm. 
This  deviation  from  the  elementary  laws  of  ion 
exchange  in  the  absorption  of  uranyl  ions  by  selec- 
tive cationites  with  an  increase  of  their  capacity  when 
the  temperature  is  raised,  provided  a  basis  for  con- 
sidering the  absorption  of  uranyl  ions  as  a  chemi- 
sorption  process  of  complex  compound  formation 
between  uranyl  ions  and  the  functional  groups  which 
is  also  influenced  by  the  nature  and  the  degree  of 
"crosslinking"  of  resin. 

Possibilities  to  apply  selective  cationites  for  the 
separation  of  aranium  from  a  number  of  elements 
during  analytical  determination  were  examined  by 
Chekuleva  and  Makhmutova.  Hydroxylamine  hydro- 
chloride  was  added  to  the  solution  under  analysis 
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in  order  to  completely  reduce  trivalent  iron ;  then,  by 
means  of  ammonia  the  solution  was  brought  up  to 
pH  =  2.3-2.4  and  was  passed  through  the  cationite 
column ;  after  that  the  column  was  washed  in  water 
and  rinsed  with  a  3%  solution  of  hydrogen  peroxide 
(for  removing  vanadium  and  molybdenum)  and 
uranium  was  then  eluted  by  sulfuric  acid.  In  the 
effluent  obtained,  uranium  was  determined  by  the 
colorimetric  or  volumetric  method.  The  method  de- 
scribed above  was  verified  by  using  solutions  con- 
taining iron,  molybdenum,  vanadium,  chromium,  cop- 
per and  nickel  besides  uranium  and  the  results  were 
quite  satisfactory.  * 

DISTRIBUTION  CHROMATOGRAPHY 

The  separation  of  mixtures  by  the  method  of  dis- 
tribution chromatography  is  based,  as  is  known,  on 
the  difference  in  the  values  of  the  distribution  coeffi- 
cients of  substances  between  nonmixing  "mobile" 
and  "immobile"  solvents.  This  difference  is  due  to 
the  ability  of  components  to  form  complex  com- 
pounds of  various  stability,  almost  undissociated  and 
soluble  in  organic  solvents.  Uranium,  unlike  most 
associated  elements,  forms  numerous  complex  com- 
pounds in  such  a  ligand  with  the  atoms  of  oxygen, 
sulphur,  nitrogen  and  halogens.  Nitrates  are  now 
widely  used  in  experiments  on  the  isolation  of  ura- 
nium by  the  method  of  distribution  chromatography, 
because  uranium  forms  acido-complexes,  readily  sol- 
uble in  a  number  of  organic  solvents,  particularly 
in  diethyl  ether.  Tn  this  connection  should  be  noted 
the  papers27' 28  on  the  separation  of  uranium 
from  many  elements  by  means  of  treating  columns 
of  paper  pulp  with  ether,  containing  nitric  acid. 

The  method  of  separation  of  uranium  from  im- 
purities by  utilizing  silica  gels  was  suggested  by  Mar- 
kov. By  using  ammonia  together  with  iron,  alumin- 
ium, etc.,  uranium  was  precipitated  from  the  solu- 
tion obtained  after  fusion  or  after  treating  the  mater- 
ial by  acids;  the  precipitate  was  then  dissolved  in 
nitric  acid  and  the  solution  was  saturated  with  amr 
monium  nitrate;  pure  large-pored  silica  gel  was 
introduced  into  the  solution  obtained  and  after  that 
it  was  transferred  to  the  column,  containing  a  satu- 
rated solution  of  ammonium  nitrate  in  0.5AT  nitric 
acid.  Diethyl  ether,  previously  equilibrated  with  the 
above-mentioned  solution,  is  passed  through  the 
column.  Uranium  was  determined  in  the  effluent  by 
volumetric  or  colorimetric  methods. 

RESULTS  AND  CONCLUSION 

Some  examples  of  the  application  of  chromato- 
graphy in  analytical  determination  of  uranium  cited 
here  show  that  ion  exchange  and  distribution  chro- 
matography are  simple  and  sufficiently  adequate  ways 
for  isolating  uranium  from  various  solutions.  The 
estimation  of  the  parameters  of  the  columns  is  made 
in  accordance  with  the  theory  of  the  sorption  dy- 
namics, the  foundation  of  which  was  laid  by  Shilov 
and  Dubinin.  Today  Soviet  and  foreign  researchers 
are  successfully  developing  this  theory. 


Table  II.     Absorption   of   Uranium   by  Anionites 

Anionite  N-O     PK-Q       N       TN    MM-2N    MMG-l    EDEIQ 

Absorption  of 
uranium  (per 
cent  of  initial 
amount  of 

metal)  89     83.2    66.2    58.7     50.7       50.1        32.5 

% 

The  choice  of  sorbents  and  conditions  for  experi- 
ment is  mostly  determined  by  specific  chemical  prop- 
erties of  uranium  and  impurity  elements.  In  a  sim- 
ple variant,  the  separation  of  mixtures  can  be  effected 
by  a  single  passage  of  the  solution  with  the  sorbent 
in  dynamic  conditions.  In  ion  exchange  chromato- 
graphy this  thesis  is  confirmed  by  analyses  which 
are  based  on  amphoteric  properties  of  the  impurity 
elements  as  well  as  on  the  ability  of  these  elements 
or  of  uranium  to  form  complex  compounds.  The 
application  of  cationites,  selectively  absorbing  uran- 
ium, seems  to  be  extremely  promising.  The  ability 
of  uranium  to  form  various  complex  compounds  with 
functional  groups  of  cationites  is  also  important  for 
the  synthesis  of  cationites. 

The  meagre  data  published  so  far  on  the  chro- 
matographic  isolation  of  uranium  makes  it  impos- 
sible to  appreciate  the  comparative  effectiveness  of 
the  methods  described  above.  It  should  be  noted, 
however,  that  these  methods  ensure  the  separation 
of  uranium  from  practically  all  impurities  that  inter- 
fere in  the  determination  of  the  element  and  con- 
sequently can  be  successfully  applied  to  the  analysis 
of  ores,  waste  waters  and  other  materials  containing 


uranium. 


REFERENCES 


1.  Tsvet,    M.    S.,    Papers    of    the    Warsaw    Society    of 
Naturalists,  Biology  Dept.,  14,  20   (1903). 

2.  Tsvct,  M.  SM  Chromophyl  in  the  animal  and  vegetable 
kingdom,  Warsaw  (1910). 

3.  Samuelson,  Ion  exchange  in  analytical  chemistry,  N.  Y. 
(1953). 

4.  Ryabchikov,   D.    I.,   and   Senyavin,   M.    M.,   Papers   of 
the   Analytical    Chemistry    Commission,    9,    11    (1955) 
(Russ.). 

5.  Shilov,   N.  A.,  Lepin,  L.  K.  and  Voznesensky,   S.  A., 
Journal  of  the  Russian  Physical  Chemistry  Society,  61, 
1107   (1929). 

6.  Dubinin,   M.   M.,  Physical  chemistry   basis  of  sorption 
techniques,  ONTI    (1935)    (Russ.). 

7.  Zhukhovitsky,  A.  A.,  Tikhonov,  A.  N.  and  Zabczhinsky, 
Y.   L.,  Journ.   Phys.  Chem.  19,  253   (1945);  20,  1113 
(1946)    (Russ.). 

8.  Tikhonov,  A.  N.  and  Samarsky,  A.  A.,  Equations  in 
mathematical  physics,  State  Tech.  Publ.  House,  Moscow 
(1953). 

9.  Kiselyov,  A.  V.,  article  in  volume  Methods  of  studying 
the  structure  of  finely  divided  and  porous  bodies.  Publ. 
Ac.  Sci.  USSR  (1953). 

10.  Kiselyov,  A.  V.,  Reports  Ac.  Sci.  USSR,  98.  427  (1954). 

11.  Kiselyov,  A.  V.  and  Eltekov,  Y.  A.,  Reports  Ac.  Sci. 
USSR,  100,  167  (1955). 

12.  Gedroits,  K.  K.,  A  study  of  the  absorption  properties 
of  soils,  State  Agr.  Publ.  House   (1932). 


284 


VOL.  VIII         P/628         USSR         D.  I.  RYABCHIKOV  and  M.  M.  SENIAVIN 


13.  Rakovsky,  A.  V.,  A  study  of  absorption  (1913). 

14.  Nikolsky,  B.  P.,  Journ.  of  Phys.  Chem.,  5,  266  (1934). 

15.  Gapon,  E.  N.  and  Gapon,  T.  B.,  Reports  Ac.  Sci.  USSR, 
59,  921   (1948);  60,  817  (1948). 

16.  Tunitsky,  N.  N.,  Reports  Ac.  Sci.  USSR,  99,  577  (1954). 

17.  Losev,  I.  P.,  Trostyanskaya,  E.  B.  and  Tcvlina,  A.  S., 
article  in  volume  Research  in  Chromatography,   Publ. 
Ac.  Sci.  USSR,  p.  103  (1952). 

18  Davankov,  A.  B.,  ibid.,  p.  107. 

19  Losev,  I.  P.  and  Tcvlina.,  A.  S.,  Papers  of  the  Ana- 
lytical Chemistry  Commission,  9,  396  (1955). 

20.    Trostyanskaya,   E.   B.   ibid.  p.  215. 


21.  Ryabchikov,    D.    L,    Senyavin,    M.    M.   and    Filippova, 
K.  V.,  Journ.  of  Anal.  Chem.,  7,  135   (1952);  8,  220 
(1953). 

22.  Dyrssen,  D.,  Svensk.  Kem.  Tidskr.,  7,  153  (1950). 

23.  Klement,    R.,    Fresenius    Zschr.    anal.    Chem.,    145,    9, 
(1955). 

24.  Disdar,  Z.,  Rec,  trav.  inst.  research,  strukture  Materie, 
2,  185,   (1953). 

25.  Helger,  B.,  Svensk,  Kem.  Tidskr.,  6,  189  (1949). 

26.  Klement,  R.,  Chem.  Ztg.,  74,  334  (1953). 

27.  Burstall,  F.,  Wells,  R.,  Analyst,  76,  396   (1951). 

28.  Kembcr,  W.,  Analyst,  77,  78  (1952). 


Paper  Chromatographic  Separation  of  Uranium 
in  Natural  Resources 

By  D.  Cvjeticanin  and  N.  Belegisanin,*  Yugoslavia 


The  separation  of  uranium  from  other  elements, 
by  paper  chromatography,  was  performed  in  order 
to  determine  uranium  in  natural  resources.  The  con- 
tent of  uranium  was  found  to  be  from  0.005-0.15%. 

The  determination  of  uranium  was  carried  out  by 
the  fluorophotometric  method.  It  was  found  that 
under  the  conditions  of  the  fluorescence  of  uranium, 
cerium  salts  also  fluoresce,  equivalent  to  a  content 
of  0.3%  of  uranium  in  cerium  salts. 

When  separating  very  small  quantities  of  uranium 
(5  X  10-9  gm  of  U),  it  was  established  that  the 
fluorescence  of  cerium  is  not  due  to  the  presence 
of  uranium.  In  the  fluorophotometric  determination 
of  uranium  it  is  necessary  to  separate  cerium,  because 
it  interferes  with  the  analysis  of  uranium  and  causes 
incorrect  results. 

The  separation  of  uranium  from  other  elements, 
for  the  purpose  of  determination,  has  mainly  been 
carried  out  by  different  extraction  methods.1'2  Be- 
sides, some  use  has  been  made  lately,  of  the  chro- 
matographic  separation  methods  either  of  the  method 
of  cellulose  columns  3~5  or  paper  chromatography.6'  7 

The  solvents  used  in  the  chromatographic  separa- 
tion of  uranium  are  usually  the  same  as  those  applied 
as  extraction  solvents  for  the  uranium  separation. 
The  best  results  are  obtained  when  the  selective 
solubility  of  uranium  in  a  given  solvent  is  high,  and 
the  partition  coefficient  of  the  cations  present,  in  the 
sol  vent- water  system,  small. 

Uranium  was  first  qualitatively  separated  from 
Fe,  Ni,  Co,  Cr,  Pb,  Cu,  Bi,  V,  Ti,  Zr,  Eu,  Ce,  Th, 
Hg,  Cd,  Al,  Ca,  Ba  and  Mg,  by  several  extraction 
solvents.  These  accompanying  elements  were  in  form 
of  nitrates,  in  a  5%  HNO8  solution.  Whatman  filter 
paper  No.  3  MM  was  used.  The  following  solvents 
were  found  to  be  convenient  for  the  separation  of 
uranium  from  these  elements:  (1)  80%  (v/v)  iso- 
butyl  methyl  ketone  +  20%  HNO3  (1.40);  (2) 
80%  butyl  acetate +  20%  HNO3;  (3)  90%  di-w- 
butyl  ether,  2%  tri-w-butyl-phosphate  +  8%  HNO3 : 
Iso-butyl  methyl  ketone  and  HNO8  have  been  used 
as  solvents  by  Hahofer  and  Hecht  for  the  chroma- 
tography of  uranium  previously  separated  by  ether 
extraction.7 

When  using  the  first  two  solvents,  uranium  is 
located  on  the  solvent  front  of  the  16  cm  chromato- 
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gram  (Fig.  1  a,  c  and  d)  ;  whereas  with  the  third 
solvent  it  is  much  more  spread  out  (Fig.  1  b).  All 
other  elements  are  {ound  on  the  starting  line  or 
slightly  above,  with  exception  of  thorium  which  is 
spread  over  the  paper.  Thorium  can  be  stopped  by 
addition  of  Na2HPO4  or  H3PO4  to  the  solution 
(Fig.  1  d). 

The  solvent  containing  80%  of  iso-butyl  methyl 
ketone  and  20%  HNO8  was  found  the  most  con- 
venient and  has  been  used  in  most  of  our  work. 

SEPARATION  OF  URANIUM 

After  the  separation  of  uranium  from  the  accom- 
panying elements  was  investigated  qualitatively,  a 
quantitative  analysis  was  done.  Uranium  was  sepa- 
rated in  concentrations  of  1.6  X  lO^1  -  5  X  10~9  gm. 

The  method  of  Williams  and  Kirby8  was  applied, 
with  an  upward  run  of  the  solvent,  on  Whatman  No. 
3  MM  paper.  The  solution  was  placed  in  drops, 
with  a  micropipette  of  0.1  ml  on  a  2  X  21  cm  strip 
of  Whatman  paper,  2.5  cm  from  the  bottom.  Each 
drop  was  separately  dried  under  an  infra  red  lamp. 

After  the  chromatogram  was  developed,  it  was 
dried  and  the  part  with  the  uranium  spot  cut  out. 
When  the  uranium  concentrations  were  low,  the  cut 
out  strip  was  burned  and  heated  in  a  platinum  dish 
in  which  the  determination  was  carried  out.  After 
adding  NaF,  the  mixture  was  fused  and  uranium 
determined  fluorimetrically.  At  high  concentrations 
of  uranium  the  cut  out  strip  was  burned  and  heated 
in  a  platinum  crucible,  dissolved  in  HNO3,  then 
diluted  to  a  definite  volume  and  uranium  determined 
by  colorimetric  or  fluorimetric  method.  Results  are 
given  in  Table  I. 

As  is  evident  from  Table  I,  the  separation  of  ura- 
nium from  the  elements  cited  is  quantitative  within 
the  given  concentration  range  of  uranium.  Even  in 
the  presence  of  SO  4 — ,  Cl~,  and  PC>4 the  sepa- 
ration of  uranium  is  quantitative,  which  is  not  the 
case  when  it  is  carried  out  by  ether  extraction3'2  or 
by  chromatography  with  cellulose  columns.3"5 

DETERMINATION  OF  URANIUM 
Colorimetric  Determination 

Ammonium  thioglycolate  was  used  as  reagent.9 
The  method  permitted  a  determination  of  uranium 
in  concentrations  to  4  X  10~e  gm/ml. 
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nium  was  a  photo-electric  iluorimeter,  constructed  in 
the  Institute  "Boris  Kidrich/'  of  a  type  similar  to 
that  described  by   Price  ct  al.w  The  sensitivity  of 
the  instrument  was  10~9  gm  U. 

CHROMATOGRAPHIC   SEPARATION   OF   URANIUM 
FROM  CERIUM  AND  FLUORIMETRIC  DETERMI- 
NATION OF  THESE  ELEMENTS 

|   ,               When  melting  cerium  salts  with  sodium  fluoride, 
;   ;           it  was  found  that  the  melted  substance  emits  fluores- 
!           cence  of  an  intensity  which  would  correspond  to 
|              0.3%  of  uranium  in  cerium.  Because  of  the  possibility 

i  '                                                  Table  1 

j                                                               Quantity  of  U  in  gm  after  separation  by  paper 
.'    :                     Elements  present,                                       chromatoRraphy 

Km                              Fluorimetric                           Colorimetric 
4                                                                         determination                        determination 

1  .6  X  10"  4  U                                                 (1  .60  ±  0.04)  X  10~4 
3X10-8     Fc 
5X10-4     Ti 
2X10-4     V 
1X10-4     Pb,  Cu, 
Co 

4X10-5     U             (3.89  ±0.14)  X  10-5   (4.1     ±o.2)X10-5 
1X10-4     Fc 
1X10-5     V,Ti, 
Zr,  Ce, 
Cu,  Pb, 
Ni,  Cd, 

Figure  1.  (a)  Cerium  and  uranium  separation  by  80%  iso-butyl 
methyl  ketone  -f-  20%  HNO«;  (b)  Iron  and  uranium  separation 
by  90%  di-n-butyl  ether,  2%  tri-n-butyl  phosphate  -f  8%  HNO8; 
(c)  Separation  of  Fe  and  U  by  80%  iso-butyl  methyl  ketone  -f- 
20%  HNO«;  (d)  Separation  of  Th  and  U  by  80%  iso-butyl  methyl 
ketone  -|-  20%  HNO8;  thorium  was  stopped  by  addition  of  Na2HPO« 
to  the  solution;  (e)  Separation  of  Fe  and  U  by  80%  butyl  acetate  + 
20%  HNO» 

Experiments  were  done  on  the  Zeiss  elcctrophoto- 
meter  Elko  II  with  a  S  3cS  E  filter  (380  m/*). 

Fluorimetric    Determination 

Uranium  has  mostly  been  determined  by  the  fluo- 
rimetric  method,  based  on  the  fluorescence  of  ura- 
nium fused  with  sodium  fluoride  and  the  irradiation 
of  the  melt  with  ultra-violet  rays.  The  sensitivity 
of  this  method  is  very  high  and  permits  a  determina- 
tion of  uranium  to  10~10  gin.10-11  However,  four 
other  elements  have  been  reported  to  give  fluores- 
cence when  fused  in  sodium  fluoride.  They  are :  Nb, 
Nd,  Er  and  Ce(  II).  Because  of  the  very  weak  fluo- 
rescence intensity  of  these  elements  (2  X  10"4  gm 
of  Er  produces  fluorescence  of  the  same  intensity 
as  4  X  10-°  gm  of  U),  they  do  not  disturb  the  deter- 
mination of  uranium,  with  the  exception  of  cerium. 
In  his  experiments  with  cerium  compounds,  Simp- 
son12 found  a  fluorescence  equivalent  to  0.2-0.9%  U 
in  cerium.  Zimmerman13  mentions  the  necessity  of 
separating  uranium  from  cerium,  because  of  the 
fluorescence  of  cerium,  which  interferes  with  the 
fluorophutometric  determination  of  uranium. 

The  instrument  used  for  the  determination  of  ura- 


4X10-* 
IX 10-* 
1X10-6 


U 
Fe 

V,Ti, 
Zr,  Ce, 
Cu,  Pb, 
Ni,  Cd, 
Ba,  Mg 


U 

1.2X10-5TH 
2X10-5     Fe 
2X10~6    Vi,  Ti, 
Zr,  Cc, 
Cu,  Pb, 
Ni,  Cd, 

4.8X10~4  SO/' 
3X10-5  PO/" 
3.5  X 10-4  Cl' 

8X10~9     U 

1.2X10-5TH 

8X10-5     Fc 

2X10-«     V,  Ti, 
Zr,  Ce, 
Cu,  Pb, 
Ni,  Cd, 
Mg 

4.8X10-4  SO/' 

3.5  X 10-4  ci' 

3X10-5     PO/" 

1X10-8     U 
4.8X10-4  SO/' 

3.5  x  10-4  cr 

3X10-5     PO/" 


(4.05 


(7.80 


(7.6     ±0.4)  X 10-9 


d=  0.1 1)X  10-8 
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Table  II 


U  and  Ce 
present,  gm 

U  found                     Excess  of  U 
fluorimetrically,                      due  to 
without  previous                fluorescence 
separation,  gm                    ofCe,  % 

U  found 
fluorimetrically 
after  chromatographic 
separation,  Km 

Ce  found 
fluorimetrically 
after  chromatographic 
separation,  gm 

1x10-7  u 

3.7X10~5Ce 

(0.99 

±  0.06)  X  10-7 

(0.95 

db  0.04)  X  10-7 

(3.2 

=fc  0.4)  X  10-5 

IX  10-7  IT 

3.7  X  10~6  Ce 

(1.10 

rb  0.04)  X  10-7               10 

(0.96 

±  0.05)  X  10-7 

(3.8 

db0.6)xicr6 

ixio-8  u 

3.7  X  10-6  Ce 

(2.0 

=b  0.2)  X  10-8             100 

(0.97 

db  0.08)  X  10-8 

(3.7 

±  0.4)  X  10-6 

5X10-9  II 

3.7X10  6  Ce 

(1.6 

=fc  0.1  )X  10-8            220 

(4.8 

d=  0.5)  X  10-9 

(3.2 

±  0.2)  X  10-6 

that  the  fluorescence  of  cerium  is  due  to  very  small 
amounts  of  uranium  present  in  cerium,  as  assumed 
by  Price  ct  al.  for  niobium  and  neodymium,  chro- 
matographic separation  of  small  quantities  of  ura- 
nium from  cerium  was  carried  out  as  well  as  an 
analysis  of  cerium  solutions. 

After  the  separation  of  uranium  from  cerium, 
both  elements  were  determined  in  the  same  manner. 
The  cerium  spot  on  the  chromatogram  was  cut  off, 
then  burned  and  heated  in  a  platinum  dish,  used  in 
fluorimetry.  It  was  melted  with  sodium  fluoride  and 
the  fluorescence  measured  on  the  fluorimeter.  The 
results  are  shown  in  Tables  11  and  TT1. 

The  values  of  uranium  determined  from  the  fluo- 
rescence intensity  of  melted  uranium  and  cerium 
in  sodium  fluoride,  in  a  given  concentration  range, 
are  shown  in  the  second  column  of  Tables  11  and  III. 

It  can  be  seen  that  the  yield  of  uranium  is  in- 
creased owing  to  the  fluorescence  of  cerium.  For  this 
reason,  cerium  had  first  to  be  separated.  A  similar 
increase  in  uranium  yield,  due  to  the  fluorescence 
of  cerium,  is  also  found  in  cases  when  uranium  and 
cerium  are  melted  with  other  elements. 

The  possibility  that  the  fluorescence  of  cerium  is 
brought  about  by  small  quantities  of  uranium  which 
might  be  present  in  cerium  was  rejected,  as  uranium 
has  been  separated  and  fluorimetrically  determined  in 
quantities  corresponding  to  less  than  0.3rr  of  ura- 


nium in  cerium.  (FluDrescence  of  3.7  X  10~°  gm  of 
(V  corresponds  to  a  fluorescence  of  1  X  10~8  gm 
of  U;  5  X  10""  gm  of  U  was  separated  from 
3.7  X  1()"6  gm  of  Ce.)  Besides,  both  uranium  and 
cerium  were  determined  fluorimetrically  after  separa- 
tion, cerium  showing  greater  deviations  owing  to  its 
uneven  distribution  in  sodium  fluoride. 

LIST  OF  REAGENTS  USED 

Iso-butyl   methyl  ketone    (B.D.H.   Laboratory   Re- 
agent, London) 

Tri-tt-butyl  phosphate  (Bios  Laboratories,  Inc.,  New 
York) 

Di-«-butyl    ether    (Bios    Laboratories,    Inc.,    New 
York) 

Butyl  acetate  (Riedel-de  Haen  A.  G.,  Scelze  b.Han- 
nover) 
These  solvents  were  first  distilled,  then  dried  over 

corresponding  drying  agents  and  redistilled.  Tri-n- 

butyl  phosphate  was  distilled  under  reduced  pressure. 

HNO:J  p.a.  (E.  Merck,  Darmstadt) 

HO  A.R.  (Mallinckrodt  Chemical  Works,  St.  Louis- 
New  York-Montreal) 

H2SO4   A.R.    (Mallinckrodt   Chemical   Works,    St. 
Louis-New  York-Montreal) 

Ce(S04)2-4HaO  p.a.   (K.  Merck,  Darmstadt) 

Ce(NO3)»'fiH2O  puriss.    (E.  Merck,   Darmstadt) 

NaF  p.a.  (  Prolabo,  Rhone-Poulenc ) 


Table 


Elements  present, 


Without  previous 
separation 


U  found  fluorimelricaUy^rn 

Excess  of  U,  duetn After  chromalographic 
fluorescent  e  of  Ce,  %  separation 


IX 10-7  U,  3.7XlO-5Ce, 

IX  10"7  Mn,  Fe,  Co,  Cu,  Cd 

1  X 10-8  U,  3.7X10-«  Ce, 

IX 10-7  Mn,  Fe,  Co,  Cu, 

4.5  X 10"?  Cd 

1 X 10-8  U,  3.7  XlO-«Ce, 

2X10-7Mn,  Fe,  Co,  Cu, 

9X10~7Cd 

5X10-9U,  3.7XlO-«Ce, 

1XKT7  Mn,  Fe,  Co,  Cu 

4.5  X 10-7  Cd 

3.7X10"6Ce 

IX 10-7  Mn,  Fe,  Co,  Cu, 

4.5  X 10-7  Cd 


(1.20  db  0.07)  X 10-7  20 

(2.0  ±  0.1  )X  10~8  100 


(2.5  ±  0.2)X10~8  150 


(2.0  db:  0.2)  X  10-»  300 


(1.2  d=  0.2)  X 10-8 


(0.95  db  0.02)  X 10-7 
(0.98  =b  0.05)  X 10-8 

(0.96  db  0.05)  X 10-8 
(5.1  ±  0.5)  X  10~9 
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Table  IV 


Ores 

Fluorimetric 
determination 
without  previous 
separation, 
gm  U  /tonne 

Colorimetric 
determination 
after  separation 
by  cellulose 
columns  method, 
gm  U/tonne 

Fluorimetric 
determination 
after  separation 
by  paper 
chromatography, 
gm  U/tonne 

Schist  1 

1440  db  70 

1480  rb  50 

1465  ±  60 

Silicate  ore 

875  db  43 

920  db  15 

850  db  40 

Ash  of  coal 

422  ±  20 

407  =b  10 

399  db  24 

Schist  2 

128  ±    5 

129  d=  12 

136  ±  11 

Schist  3 

44  db    4 

45  db    6 

Chemicals  of  E.  Merck  and  Riedel-de  Haen  p.a. 
or  puriss.,  were  used  for  the  preparation  of  other 
reagent  solutions. 

SEPARATION  OF  URANIUM  FROM  ORES 

Uranium  was  determined  in  schists,  silicate  ores 
and  coal,  containing  0.005-0.15%  of  U.  Ores  were 
dissolved  in  the  usual  way  with  HNO3  +  HF.  Hy- 
drofluoric acid  was  then  driven  off  by  HNO3.  The 
final  solution  to  be  applied  in  the  chromatographic 
separation  contained  about  5%  of  HNOs. 

The  solution  containing  0.1-1  gm  of  ore  was  then 
diluted  to  a  convenient  volume  and  uranium  deter- 
mined as  described  above.  Five  chromatograms  were 
made  of  each  solution.  After  the  development,  one 
of  them  was  treated  with  a  K4Fe(CN)6  solution. 
If  a  qualitative  reaction  on  uranium  was  obtained, 
the  spot  was  cut  out  and  burned  and  heated  in  a 
platinum  crucible,  then  dissolved  in  nitric  acid 
and  diluted  to  a  convenient  volume.  In  case  that 
K4Fe(CN)«  gave  no  reaction  of  uranium,  the  ura- 
nium spot  on  chromatogram  strip  was  cut  out,  burned 
and  heated  in  the  platinum  dish  for  the  fluorimetric 
determination.  Sodium  fluoride  was  added  and  after 
melting,  uranium  determined  by  the  fluorimetric 
method.  This  procedure  permits  the  determination 
of  5  X  10-4%  of  U,  with  an  error  of  10-15%  in 
solutions  containing  1  gm  of  ore,  diluted  to  100  ml. 


Table  IV  gives  the  values  of  uranium  content  of 
five  different  ores,  as  determined  after  the  separa- 
tion by  paper  chromatography.  These  values  are  com- 
pared to  those  obtained  by  cellulose  column  chro- 
matography as  well  as  to  those  obtained,  without 
previous  separation,  by  the  "spiking"  method.11 

As  seen  in  Table  IV,  paper  chromatography  was 
found  to  be  a  satisfactory  method  for  the  separa- 
tion of  uranium,  to  be  determined  in  ores  containing 
up  to  0.005%  of  uranium.  Another  advantage  of 
this  method  in  comparison  with  the  ether  extraction 
or  the  cellulose  column  method,  is  that  the  sulfates, 
chlorides  and  phosphates  do  not  interfere. 
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Effect  of  Petroleum  Ether  on  the  Separation  of  Uranium 
in  Low  Grade  Samples  when  Using  Cellulose  Columns 

By  D.  Lebez  and  M.  Ostanek,*  Yugoslavia 


Chromatographic  separation  of  uranium  from 
other  cations  in  cellulose  columns  by  Burstall  and 
Wells1  has  shown  good  results  at  concentrations  of 
uranium  down  to  10~2%,  when  applied  either  to 
synthetic  samples  or  to  minerals.  At  lower  concen- 
trations (10-3-10~4%  range)  the  recovery  of  ura- 
nium was  unsatisfactory.  As  the  solubility  of  the 
aqueous  and  solvent  phases  in  each  other  is  relatively 
high  when  ether  containing  5  vol  %  oi  nitric  acid 
is  used  as  solvent,  it  was  suspected  that  there  is 
some  breaking  through  of  the  aqueous  phase  result- 
ing in  quenching  of  the  fluorescence  in  sodium  fluo- 
ride, especially  when  large  volumes  of  the  sample 
solution  had  to  be  adsorbed  on  the  cellulose.  On  the 
other  hand  it  is  probable  that  in  these  unfavourable 
conditions  the  solubility  of  the  solvent  in  the  aqueous 
phase  contributes  to  incomplete  elution  of  uranium. 

Therefore  it  was  hoped  that  it  might  be  possible 
to  extend  the  applicability  of  the  method  to  extremely 
poor  ores  by  changing  the  composition  of  the  solvent. 

EXPERIMENTS 

In  the  original  procedure  uranium  is  separated 
from  the  mineral  sample  as  follows:  the  cellulose 
powder  must  be  treated  with  the  solution  of  the  sam- 
ple containing  25  vol  %  nitric  acid.  The  amount 
required  for  10  ml  of  this  solution  is  2  gm  of  cell- 
ulose. The  sample  thus  treated  is  transferred  into 
the  column  whereupon  ISO  ml  of  the  solvent  are 
allowed  to  flow  through  it. 

In  preparing  the  mineral  sample  the  original 
method  was  followed.  The  further  procedure  was 
carried  out  in  this  manner :  first  the  cellulose  powder 
was  saturated  with  ether  containing  5  vol  %  nitric 
acid ;  ether  was  then  evaporated  on  a  water- jet  pump ; 
the  cellulose  thus  dried  was  used  immediately.  The 
composition  of  the  solvent  was  changed  to  contain : 
20  ml  of  petroleum  ether ;  190  ml  of  ether  and  10  ml 
of  nitric  acid  (sp.gr.  1.42).  For  the  columns  of  25 
to  30  cm  in  height  and  of  10  to  20  mm  in  diameter 
100  to  200  ml  of  the  solvent  were  used.  The  way 
of  transfer  of  the  sample  into  the  column  is  deter- 
mined by  the  quantity  of  the  sample  solution.  10  ml 
portions  were  transferred  directly  to  the  top  of  the 
column.  The  treatment  of  the  cellulose  powder  with 
portions  of  larger  volumes  (up  to  40  ml)  was  car- 
ried out  separately  on  cellulose  prepared  in  the  man- 
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ner  as  described  above.  The  pulp  was  then  trans- 
ferred into  the  column  containing  a  5-10  cm  high 
column  of  cellulose  powder  soaked  with  the  solvent. 

When  all  the  solvent  had  been  passed  through  the 
column  the  uranium  was  stripped  into  the  aqueous 
phase  by  shaking  the  solution  in  the  separatory 
funnel  three  times  with  10  ml  of  IN  sulphuric  acid 
according  to  the  method  used  in  our  laboratory.2 
Owing  to  the  low  quantity  of  uranium  only  the  fluo- 
rimetric  determination  could  be  used.  The  aqueous 
solution  was  evaporated  to  a  small  volume  and  fluo- 
rimetric  discs  containing  0.2  to  1.2  ^g  UsOg  were 
prepared  from  appropriate  aliquots  of  the  solution. 

RESULTS 

In  Table  I  results  of  the  analysis  of  siliceous  ore 
by  using  the  original  method  are  shown.  Though 
there  exists  a  tolerable  accordance  between  the  tabu- 
lated values  and  the  results  obtained  by  the  extrac- 
tion method2  the  tendency  towards  the  lower  results 
is  evident.  With  samples  containing  1  X  10~3%  U3O8 
the  chromatographic  results  were  essentially  lower 
than  those  obtained  by  extraction.  On  the  other 
hand  it  is  evident  from  Tables  II  and  III  that  90% 
elution  was  obtained  by  addition  of  petroleum  ether 
to  ether  although  the  quantity  of  uranium  was  very 
low.  In  Tables  IV,  V  and  VI,  results  for  siliceous  ores 
are  shown. 

DISCUSSION 

The  experiments  in  which  ether  containing  5 
vol  %  nitric  acid  was  used,  have  shown  that  with  the 
samples  containing  very  small  quantities  of  uranium 
lower  results  are  obtained  by  the  chromatographic 
method  than  by  ethyl  acetate  extraction.  We  were 
not  able  to  transfer  more  than  10  ml  of  the  sample 
solution  into  the  column  (height  30  cm,  diameter 
20  mm).  As  soon  as  the  quantity  of  the  solution 
applied  had  been  further  increased,  the  aqueous 
phase  and  with  it  the  other  cations  broke  through 
the  column.  By  adding  petroleum  ether  to  the  organic 
phase  the  relation  between  the  hydrophobic  proper- 
ties of  the  organic  solvent  on  the  one  hand,  and  the 
hydrophilic  properties  of  the  cellulose  on  the  other, 
increases  to  such  an  extent  that  it  is  possible,  at  the 
same  quantity  of  the  cellulose,  to  transfer  almost 
three  to  four  times  larger  volumes  of  the  sample 
without  the  aqueous  phase  breaking  through  the 
column.  At  the  same  time  the  solubility  of  the  ura- 
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Table  I.    Sample  2308-A  (Siliceous  Ore)4 

The  chromatoyraphic  separation: 
Fluorimeter  UO    *M  *ne  s&'nple 


Table  IV.     Sample  2277-A  (Siliceous  Ore)* 

The  chromatographic  separation: 
Fluorimeter  U.C 


0.93 

0.0045 

0.95 

0.0046 

0.90 

0.0043 

0.92 

0.0044 

0.92 

0.0044 

*  Height  of  column :  30  cm ;  diameter  of  column  :  20  mm  ; 
composition  of  solvent:  ether  containing  5  vol  %  nitric 
acid ;  quantity  of  solvent :  100  ml ;  10  ml  of  the  sample 
solution  containing  25  vol  %  nitric  acid  was  transferred 
to  the  top  of  the  column. 

The  extraction  method  has  shown  the  following  results 
(fluorimeter)  :  0.99  Mg  (0.005%  U3O8). 

Table  II.     Synthetic  Sample* 

The  chromatographic  separation: 
Fluorimeter 


1.12 
0.95 
1.08 

1.12 
1.05 
1.10 
1.13 


*  Height  of  column:  25  cm;  diameter  of  column:  20  mrm  ; 
composition  of  solvent:  ether  containing  5  vol  %  nitric  acid 
and  9  vol  %  petroleum  ether;  quantity  of  solvent:  220  ml; 
25  ml  of  the  sample  solution  containing  25  vol  %  nitric 
acid  was  transferred  to  the  top  of  the  column. 

Theoretic    value    (fluorimeter)  : 

1.15/ig  (6.0X  1<H%U.,08). 

Table  III.     Synthetic  Sample* 

The  chromatographic  separation: 
Fluorimeter 
M-ff 


0.155 
0.165 
0.175 
0.180 


*  Height  of  column :  30  cm ;  diameter  of  column :  20  mm ; 
composition  of  solvent :  ether  containing  5  vol  %  nitric 
acid  and  9  vol  %  petroleum  ether;  quantity  of  solvent: 
220  ml;  40  ml  of  the  sample  solution  containing  25  vol  % 
nitric  acid  was  transferred  to  the  top  of  the  column. 

Theoretic  value    ( fluorimeter)  : 

0.184  Mg  (9.8  X  10  R%  U:iO8). 

ninm  in  the  solvent  was  high  enough  to  make  the 
quantitative  recoveries  of  uranium  possible.  Due  to 
the  circumstances  thus  changed,  the  results  men- 
tioned above  for  the  synthetic  samples  containing 
6.9  X  1C-4  and  9.8  X  ICK'  per  cent  USO8  approach 
the  theoretical  values  to  a  considerable  extent.  More- 
over, with  some  low-grade  ores  we  obtained  even 
higher  values  than  by  the  extraction  method. 

The  advantage  of  the  proposed  solvent,  when  the 
chromatographic  method  is  to  be  applied,  can  espe- 
cially be  seen  from  the  results  shown  in  Table  I  IT. 
In  these  tests,  40  ml  of  the  solution  of  the  synthetic 


1.22 

0.0015 

1.12 

0.0014 

1.30 

0.0016 

1.20 

0.0015 

1.12 

0.0014 

1.08 

0.0013 

*  Height  of  column:  30  cm;  diameter  of  column:  20  mm; 
composition  of  solvent :  ether  containing  5  vol  %  nitric 
acid  and  9  vol  %  petroleum  ether;  quantity  of  solvent: 
220  ml ;  25  ml  of  sample  solution  containing  10  vol  %  nitric 
acid  was  transferred  to  the  top  of  the  column. 

The  extraction  method  has  given  the  following  results 
(fluorimeter)  :  0.%  Mg  (0.0012%  U3O8). 

Table  V.     Sample  1045  (Siliceous  Ore)* 

The  chromatographic  separation: 
Fluorimeter  t/,t^«  *n  Me  sample 


W 

1.40 
1.02 
1.03 


0.0017 
0.0013 
0.0013 


*  Height  of  column  :  30  cm  ;  diameter  of  column:  20  mm; 
composition  of  solvent:  ether  containing  5  vol  %  nitric 
acid  and  9  vol  %  petroleum  ether;  quantity  of  solvent: 
220  ml ;  25  nvl  of  sample  solution  containing  10  vol  % 
nitric  acid  was  transferred  to  the  top  of  the  column. 

The  extraction  method  has  shown  the  following  results 
(fluorimeter)  :  0.88  /ug  (0.0011%  U;lOH). 

Table  VI.     Sample  1131  'V5iliceous  Ore)* 

The  cLromatographic  separation: 
Fluorimeter  I7.*^*  «*«  the  sample 

fifl  % 


0.90 

00011 

0.80 

0.0010 

0.75 

0.00094 

0.75 

0.00094 

*  Height  of  column:  30  cm;  diameter  of  column:  20  mm; 
composition  of  solvent :  ether  containing  5  vol  %  nitric 
acid  and  ()  vol  %  petroleum  ether;  quantity  of  solvent: 
220  ml ;  25  nvl  of  sample  solution  containing  10  vol  % 
nitric  acid  was  transferred  to  the  top  of  the  column. 

The  extraction  method  has  shown  the  following  results 
(fluorimeter)  :  0.80 /ug  (0.0010%,  U;iO8). 

sample,  containing  4.6  /*g  UaOs,  were  transferred 
into  the  column.  The  results  obtained  by  thorough 
treatment  approached  the  theoretical  value  to  as 
high  as  S4r/r  or  even  up  to  90%.  The  new  solvent 
composition  extends  considerably  the  applicability  of 
the  column  chromatographic  method  and  simplifies 
the  technique  by  making  it  possible  for  appreciable 
quantities  of  aqueous  phase  to  be  directly  transferred 
into  the  column. 
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The  Use  of  Ion  Exchange  Resins  for  the  Determination  of 
Uranium  in  Ores  and  Solutions 

By  Sallie  Fisher  and  Robert  Kunin,*  USA 


The  routine  analysis  of  uranium  in  relatively  pure 
solutions  at  all  concentrations  has  been  well  worked 
out  through  the  cooperation  of  a  number  of  labora- 
tories.3 Likewise  the  analysis  of  complex  materials 
wherein  uranium  is  a  minor  constituent  has  been 
thoroughly  developed  following  the  classical  methods 
of  analytical  chemistry.  These  methods,  while  yield- 
ing excellent  results  of  high  accuracy,  are  far  too 
time  and  space  consuming  for  the  laboratory  analysis 
of  large  numbers  of  uranium  samples  per  day.  In 
cases  where  quantity  is  equal  in  importance  to  quali- 
ty, the  fluorimctric  method  of  analysis1'2  has  proved 
valuable  for  samples  of  very  low  uranium  content. 
This  method  has  not,  however,  proved  sufficiently 
accurate  for  impure  samples  of  moderate  to  high 
uranium  content.  The  need  for  a  rapid,  routine 
method  for  samples  in  this  higher  concentration 
range  prompted  the  present  work. 

It  was  known  at  the  onset  that  certain  anion  ex- 
changing resins  would  absorb  the  anicmic  urani- 
um (VI)  sul fate  complex.  As  many  of  the  ions  that 
interfere  in  the  quantitative  determination  of  ura- 
nium are  cationic,  the  use  of  such  a  resin  for  an 
analytical  separation  of  uranium  was  considered.  The 
method  outlined  here  was  developed  from  this  idea, 
modified  by  several  years'  experience  with  the  rou- 
tine analysis  of  uranium  in  solutions  containing 
known  and  unknown  interfering  ions. 

APPARATUS 

The  resin  columns  used  in  this  work  were  one- 
half  and  one  inch  diameter  glass  tubes  with  a  high 
porosity  glass  filtering  disc  fused  to  the  lower  end. 
Equally  successful  columns  may  be  improvised  from 
ordinary  burettes  using  a  small  glass  wool  plug  to 
retain  the  resin.  Flow  rate  of  liquids  through  the 
resin  bed  was  regulated  by  either  a  stopcock  or  screw 
clamp.  A  separatory  funnel  attached  to  the  top  of 
the  column  by  means  of  a  rubber  stopper  was  used 
as  a  vessel  for  the  introduction  of  samples  and 
reagents  to  the  column. 

REAGENTS 

Except  for  the  resin,  reagent  grade  chemicals  were 
used  in  the  procedure  without  further  purification. 
The  resin  was  a  quaternary  ammonium  type,  Amber- 
lite  IRA-400.  A  40-60  mesh  (U.S.  screens)  size 
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was  used  in  these  experiments.  The  resin  was  pre- 
treated  with  three  volumes  of  Wc/o  sulf  uric  acid  and 
rinsed  free  of  excess  acid  to  a  methyl  red  endpoint 
with  deionized  or  distilled  water.  This  treatment  may 
be  performed  in  the  columns  where  the  resin  is  to 
be  used.  However,  if  a  large  number  of  samples  are 
analyzed  per  day  it  is  more  convenient  to  prepare 
the  resin  in  large  batches.  Fresh  resin  must  be  used 
for  each  determination. 

PROCEDURE 
Opening   of  Ores 

A  number  of  procedures  for  the  opening  of  ura- 
nium-bearing ores  were  tried  in  an  attempt  to  find 
a  rapid  method  compatible  with  the  ion  exchange 
separation  procedure.  Of  those,  two  have  given 
satisfactory  results  in  the  opening  of  a  wide  range 
of  ore  types.  The  first  of  these  is  the  standard  open- 
ing technique1  wherein  the  ore  is  treated  with  a  1-2 
mixture  of  nitric  and  hydrofluoric  acids  and  evapo- 
rated to  clryness,  repeatedly  if  necessary.  The  dry 
residue  is  subsequently  fused  with  sodium  carbonate. 
The  cooled  melt  is  flooded  with  water  and  dissolved 
by  the  addition  of  sulf  uric  acid.  The  solution  so 
obtained  may  be  used  directly  in  the  ion  exchange 
separation  procedure. 

A  second  method  for  the  opening  of  ores  has 
proved  satisfactory  where  speed  and  simplicity  of 
operation  and  apparatus  are  of  prime  importance. 
Here  the  ore  is  mixed  with  approximately  one-half 
its  weight  of  manganese  dioxide.  Sufficient  10% 
sulf  uric  acid  is  added  to  produce  a  fluid  mixture. 
This  acidic  mixture  is  heated  to  boiling  and  then  set 
aside  to  cool  to  room  temperature.  The  cooled  sam- 
ple is  diluted  with  two  to  three  volumes  of  water 
and  filtered  through  fine-pored  paper  to  remove  the 
excess  manganese  dioxide  and  the  ore  residue.  The 
filtrate  is  used  for  the  ion  exchange  separation  and 
analysis  of  uranium. 

Ion  Exchange  Separation 

If  the  material  to  be  analyzed  is  a  solution  sus- 
pected of  containing  major  amounts  of  chloride  or 
nitrate  -the  sample  must  be  evaporated  to  fumes  with 
sulfuric  acid  and  rediluted  with  water  prior  to  the 
ion  exchange  separation.  In  the  case  of  samples  con- 
taining no  sul  fate,  sufficient  sulfuric  acid  or  sodium 
sul  fate  should  be  added  to  provide  at  least  2  grams 
of  sulf  ate  ion  per  liter.  All  samples,  whether  original- 
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Table  I.     Uranium  Recovery  with  and  without 
Sulfurous  Acid 


Added  ion  mg/ sample 


Addfd  //j-SOt    Recovery  of  uranium, 
ml/sample  % 


none 

0 

101 

none 

10 

100 

390  Fe(III) 

0 

204 

390  Fe(III) 

10 

113 

390  Fe(III) 

20 

103 

390  Fe(III) 

30 

100 

27.6  V(V) 

0 

100 

33.6  V(V) 

20 

100 

69.0  V(V) 

0 

61.2 

138  V(V) 

0 

24.1 

134  V(V) 

30 

102 

100  Mo(VI) 

0 

101 

100  Mo(VI)  -|-  100  Fe(III) 

10 

81.8 

100  Mo(VI)  +  100  Fe(III) 

30 

99.3 

ly  solutions  or  the  product  of  the  opening  of  an 
ore,  should  be  partially  neutralized  with  sodium  or 
potassium  hydroxide  to  a  residual  acidity  of  less 
than  0.1  gram  ion  per  liter  prior  to  the  separation. 
The  resultant  solution  is  further  treated  with  an 
excess  of  6%  sulfurous  acid  to  reduce  certain  inter- 
fering ions  such  as  iron  (I II)  and  vanadium  (V)  to 
their  lower  valence  states.  The  decolorization  of 
methylene  blue  may  be  used  as  an  indicator  for  this 
step.  Large  excesses  of  sulfurous  acid  have  not 
interfered  in  the  subsequent  separation. 

The  solution  so  prepared  is  passed  through  a  col- 
umn of  Amberlite  IRA-400  at  a  moderate  rate  of 
flow.  The  ratio  of  solution  to  resin  and  the  dimen- 
sions of  the  column  may  be  varied  according  to  the 
uranium  content  of  the  solution  to  be  analyzed.  Since 
the  resin  will  concentrate  as  well  as  separate  urani- 
um, large  volumes  of  very  dilute  solutions  may  be 
used  as  the  sample.  Following  the  absorption  of  ura- 
nium by  the  resin,  the  column  is  washed  with  a  small 
amount  of  water  to  remove  the  last  traces  of  inter- 
fering cations.  The  uranium  is  subsequently  eluted 
with  dilute  perchloric  acid.  In  the  present  study  the 
uranium  content  of  the  perchloric  acid  effluent  was 
determined  colorimetrically  using  the  standard  sodi- 
um hydroxide-hydrogen  peroxide  method.1  Higher 
concentrations  of  uranium  could  also  be  analyzed  by 
the  standard  oxidation-reduction  techniques3  using  a 
zinc  reductor  and  cerate  titration. 

INTERFERING  IONS 

Materials  which  would  interfere  in  the  ion  ex- 
change separation  of  uranium  are  of  two  types.  First 
there  are  ions  which  will  compete  with  the  urani- 
um for  resin  sites  and  hence  which  may  cause  loss 
of  the  uranium  into  the  sample  effluent.  The  second 
type  are  ions  also  retained  by  the  resin  and  subse- 
quently eluted  to  interfere  in  the  analysis.  Poten- 
tially, all  anions  give  interference  of  the  first  type. 
Of  the  common  anions,  nitrate  ( >  O.OW)  and  chlo- 
ride (>0.1AO  gave  the  most  serious  interference 
as  shown  by  uranium  losses  to  the  sample  effluent. 


Sulfate  (<  0.5M)  and  phosphate  up  to  concentra- 
tions where  precipitated  uranium  did  not  interfere. 

Interference  of  anions  retained  by  the  column  and 
subsequently  eluted  with  the  uranium  was  eliminated 
by  the  sulfurous  acid  treatment.  Typical  analyses 
showing  the  effect  of  this  reduction  are  given  in 
Table  I.  All  variables,  such  as  sample  volume,  urani- 
um content,  resin  volume,  flow  rate,  and  the  volume 
and  concentration  of  the  eluting  agent,  were  held 
constant  in  these  experiments.  Only  the  concentra- 
tion of  the  added  ion  and  of  the  sulfurous  acid  were 
varied.  These  results  indicate  that  the  magnitude 
of  the  interference  is  a  function  of  the  nature  and 
amount  of  the  ion  added  but  that  it  can  be  com- 
pletely eliminated  by  pre-reduction  of  the  sample. 
However,  the  results  also  indicate  that  this  reduc- 
tion must  be  complete  before  the  interference  is 
eliminated. 

No  error  arising  from  the  presence  of  materials 
that  are  normally  cationic  under  the  conditions  of 
the  experiment  has  been  noted.  Among  the  ions 
tested  are  aluminum,  calcium,  magnesium,  manga- 
nese (II),  cobalt,  copper  and  iron  (II),  either  alone 
or  in  combination  with  each  other. 

TYPICAL    RESULTS 

The  method  was  tested  on  a  series  of  ores, 
previously  analyzed  at  the  New  Brunswick  Labora- 
tories of  the  United  States  Atomic  Energy  Com- 
mission using  the  standard  cupferron  separation  of 
uranium  followed  by  colorimetric  estimation.1 
Samples  for  the  ion  exchange  separation  were  opened 
both  by  the  nitric-hydrofluoric  acid  fuming  followed 
by  sodium  carbonate  fusion  and  by  the  manganese 
dioxide-sulfuric  acid  oxidative  leaching  procedure. 
Reduction  with  sulfurous  acid  was  followed  by  ion 
exchange  separation  in  both  cases.  The  uranium 
content  of  the  perchloric  acid  eluent  was  determined 
colorimetrically.  Duplicate  samples  were  used  where 
sufficient  ore  was  available.  The  analyst  had  no 
knowledge  of  the  nature  of  the  ores  except  that 
their  uranium  content  would  probably  be  low. 
Results  (Table  II)  by  the  ion  exchange  method  are 

Table  II.     Analyses  of  Ores  by  Different  Methods 


Per  cent  t/«O« 

Standard      - 

Ion  exchange 

Ore 

Type 

separation* 

/t 

m 

A 

Pitchblende  (?) 

0.41 

0.39 

0.34 

B 

Carnotite 

0.34 

0.31 

0.32 

C 

Fe,  Al  silicate 

O.OS 

0.020 

0.035 

D 

Carnotite 

0.68 

0.65 

0.73 

£ 

Phosphate 

0.029 

0.025 

0.067,  0.052 

F 

Pitchblende 

3.36 

3.31 

3.35,  3.39 

G 

Carnotite 

0.18 

0.19 

0.20,  0.18 

H 

Carnotite 

0.11 

0.11 

0.14,0.11 

*  Results  of  New  Brunswick  Laboratory,  standard  method, 
t  Ore  opened  with  HF-HNO*  and  NaiCO». 
$  Ore  opened  with  MnOi-HaSOi. 
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in    close    agreement    with    those    obtained    by    the 
cupferron  separation. 

Under  average  conditions  an  analyst  can  handle 
10-12  solid  samples  at  one  time,  and  with  the 
manganese  dioxide  leaching  technique,  should  be 
able  to  analyze  two  such  sets  per  day.  Where  the 
uranium  is  already  in  solution,  40  aliquots  may  be 
analyzed  per  day  by  a  single  analyst  if  no  fuming 
is  required  and  the  uranium  is  estimated  colori- 
metrically.  In  the  analysis  of  solutions  an  accuracy 
of  —  2%  of  the  uranium  content  in  the  sample  is 
expected.  Experience  with  ores  in  this  laboratory  is 
not  sufficient  to  permit  a  critical  evaluation  of  the 


accuracy  of  the  results.  However,  results  where  the 
uranium  content  is  0.1%  or  greater  have  always 
been  in  good  agreement  with  the  results  obtained 
by  standard  methods. 
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Strychnine  Uranyl  Fluoride:  A  New  Uranium  Compound 
Suitable  for  the  Determination  of  Fluorine  and  of  Uranium 
in  Presence  of  Some  Other  Metals 

By  A.  Riad  Tourky  and  A.  M.  Amin,*  Egypt 


The  gravimetric  determination  of  fluorine  as 
calcium  fluoride1  or  as  lead  chlorofluoride2  is  still 
beset  with  difficulties.  The  proposed  procedures  are 
often  tedious  and  comprise  many  inconveniences. 
They  are  mostly  based  on  the  formation  of  precipi- 
tates possessing  appreciable  solubility  and  which  are 
difficult  to  filter  due  to  their  gelatinous  character. 

Previous  work  done  in  this  laboratory  has  shown 
that  of  the  double  fluorides  formed  with  uranium, 
potassium  and  more  particularly  strychnine,  form 
difficultly  soluble  compounds.  Tn  addition  to  being 
crystalline,  easy  to  filter,  strychnine  uranyl  fluoride, 
which  has  been  prepared  for  the  first  time,  has  the 
advantage  of  possessing  a  high  molecular  weight, 
and  a  conversion  factor  for  fluorine  lower  than  in 
any  other  known  insoluble  fluorine  compound.  We 
have  studied  the  possibility  of  applying  this  com- 
pound for  the  determination  of  fluorine. 

If  to  a  solution  containing  fluorine,  uranyl  and 
strychnine  salt  solutions  are  added,  there  is  the 
possibility,  in  addition  to  the  formation  of  strych- 
nine uranyl  fluoride,  that  uranyl  hydroxide  and/or 
strychnine  base  may  be  precipitated.  Since  strych- 
nine uranyl  fluoride  was  found  to  be  stable  in  fairly 
acid  solution,  it  was  deemed  necessary  to  determine 
the  pH  below  which  none  of  the  above  ingredients 
is  liable  to  be  precipitated. 

TITRATION  OF  URANYL  NITRATE  WITH  POTASSIUM 
HYDROXIDE 

Curve  A  in  Fig.  1  represents  the  titration  of  a 
uranyl  nitrate  solution  with  potassium  hydroxide.  The 
solution  whose  initial  pH  value  was  3.1  remained 
clear  till  1.4  equivalents  of  alkali  hydroxide  were 
added,  at  which  point  the  solution  became  opalescent 
and  attained  a  pH  value  of  4.29.  Precipitation  was 
then  complete  when  2.3  equivalents  of  the  alkali 
hydroxide  were  added. 

Since  two  rather  than  three  equivalents  of  the 
alkali  hydroxide  are  required  for  precipitation,  it  is 
plausible  to  assume  that  the  hydroxide  and  not  the 
uranate  is  formed.  The  circumstances  that  the  ex- 
cess quantity  of  alkali  hydroxide  is  constant  and  that 
the  region  of  precipitation  is  not  parallel  to  the  x 
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axis,  suggests  that  a  process  of  condensation  invol- 
ving oxygen  bridge  formation  and  splitting  of  hydro- 
gen ions  occurs  whereby  the  hydrogen  ions  re- 
leased neutralize  part  of  the  alkali  hydroxide  added. 

pH  OF  PRECIPITATION  OF  STRYCHNINE  BASE 

Strychnine  sulphate  (Analar  grade)  was  dis- 
solved in  carbon  dioxide-free  redistilled  water  to 
make  a  0.01  molar  solution;  4  ml  of  0.17V  sulphuric 
acid  per  100  nil  were  added  to  repress  hydrolysis.  The 
titration  was  performed  potentioinetrically  using 
0.1  N  potassium  hydroxide.  The  representative  titra- 
tion curve  B  shown  in  Fig.  1  reveals  that  the  initial 
pll  value  amounting  to  2.2  increases  steadily  till 
about  pll  7  when  it  runs  horizontally  till  about  20 
nil  are  added.  This  corresponds  to  the  precipitation 
of  the  base,  which  requires  10  nil  of  alkali  hydroxide 
as  compared  with  21  ml  used.  The  excess  is  appar- 
ently adsorbed  by  the  freshly  formed  base. 

TITRATION   OF  A  MIXTURE  OF   STRYCHNINE 

SULPHATE  AND  URANYL  NITRATE  WITH 

POTASSIUM   HYDROXIDE 

Since  we  shall  use  a  mixed  solution  of  strychnine 
sulphate  and  uranyl  nitrate  in  the  present  investiga- 
tion to  serve  as  a  reagent  for  the  determination  of 
fluorine  in  soluble  fluorides,  the  titration  of  the  mix- 
ture with  alkali  hydroxide  has  been  made  in  the  same 
manner  as  in  the  foregoing  experiments.  For  this 
purpose  a  mixed  solution  0.002  and  0.001  M  with  re- 
spect to  uranyl  nitrate  and  strychnine  sulphate  re- 
spectively was  slightly  acidified  with  hydrochloric 
acid  so  as  to  become  0.001  SM  with  respect  to  this 
acid  to  suppress  hydrolysis.  The  result  of  titration 
of  this  mixture  with  Q.2N  potassium  hydroxide  is 
shown  in  Fig.  2.  The  curve  shows  that  the  precipita- 
tion of  both  uranyl  hydroxide  and  strychnine  base 
takes  place  at  practically  the  same  pH  values  as  the 
separate  solutions.  The  completion  of  precipitation 
of  the  strychnine  base  was  found,  however,  to  take 
place  at  a  somewhat  higher  pH  (7.86  instead  of  7.0). 

The  conclusion  which  may  be  drawn  from  the  fore- 
going experiments  is  that  in  order  to  precipitate 
strychnine  uranyl  fluoride  without  co-precipitation 
of  either  uranyl  hydroxide  or  strychnine  base,  the 
pH  of  the  solution  should  not  exceed  4. 
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Figure    1.   (A)  Titration    of   uranyl    nitrate   with   0.1  N   alkali; 
(B)  titration  of  strychnine  sulfate  with  0.01  N  alkali 

pH    OF    PRECIPITATION    OF    STRYCHNINE    URANYL 
FLUORIDE 

The  next  step  involved  the  determination  of  the 
pi  I  range  within  which  strychnine  uranyl  fluoride 
precipitates  and  whether  the  reaction  can  he  com- 
pleted before  uranyl  hydroxide  begins  to  precipitate. 
Since  a  potassium  fluoride  solution  possesses  an 
alkaline  reaction,  the  titration  can  be  performed  using 
this  reagent.  A  mixed  solution  0.04  and  0.02M  with 
respect  to  uranyl  nitrate  and  strychnine  respectively, 
the  acidity  of  which  was  adjusted  at  a  pll  value 
ranging  from  1.5  to  2,  was  titrated  with  0.04 M 
potassium  fluoride  solution.  The  curve  in  Fig.  3 
shows  that  the  initial  pH  value  of  1.62  increases  but 
slowly  till  76  ml  of  the  reagent  are  added,  whereby 
the  pH  value  attained  amounts  to  2.19.  The  curve 
shows  that  precipitation  is  complete  at  about  pH 
2.12.  This  pH  lies  before  that  at  which  either  uranyl 
hydroxide  or  strychnine  base  precipitates  out.  The 
same  picture  was  obtained  on  titrating  solutions  of 
pH  values  1.25,  1.88  and  2.02  in  which  the  volumes 
of  fluoride  solution  required  amounted  to  24,  28,  and 
9.1  ml  respectively,  which  compare  satisfactorily  with 
the  theoretical  values  24,  27.4  and  9.09  ml. 

It  was  now  deemed  desirable  to  use  an  acetic- 
acetate  buffer  to  control  the  pH  value  of  the  solution 
mixture.  The  pH  value  of  a  mixture  with  the  ratio 
9:1  is  3.6  which  is  still  too  acid  to  cause  the  precipi- 
tation of  uranyl  hydroxide.  By  applying  this  buffer 
with  the  proposed  reagent  mixture  consisting  of 
0.04M  uranyl  nitrate  and  0.2M  strychnine  sulphate, 
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20    30    40    50 


Figure  2.  Titration  of  uranyl  nitrate  and 
strychnine  sulphate  with  KOH 
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Figure  3.  Titration  of  reagent  with  KF 


it  was  found  that  the  mixture  remained  optically 
clear  during  the  experimental  period  covering  the 
time  one  month. 

In  order  to  make  certain  that  in  the  above  buffer 
mixture  of  pH  3.6  no  precipitation  of  uranyl  hydrox- 
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Table   I. 


pn 


Composition   of    the   Precipitate   Formed 
at  Different  pH   Values 


Carbon 


Hydrogen 

% 


Nitrogen 


Residue 


1.89 

40.27 

3.80 

4.67 

38.86 

2.09 

40.31 

3.79 

4.20 

38.25 

2.54 

40.45 

3.80 

3.87 

38.74 

3.04 

40.05 

3.89 

4.39 

39.21 

3.65 

40.64 

4.12 

4.56 

38.18 

4.00 

40.37 

4.03 

4.62 

38.97 

4.02 

40.51 

4.06 

4.44 

38.38 

4.19 

39.90 

3.92 

4.43 

39.20 

4.35 

40.40 

4.24 

4.36 

39.56 

4.91 

39.30 

3.92 

4.76 

40.90 

5.04 

39.23 

4.17 

4.22 

41.56 

5.18 

39.30 

4.17 

4.10 

41.88 

5.60 

40.14 

3.50 

4.15 

50.18 

6.00 

7.65 

0.95 

nil 

98.11 

ide  takes  place,  a  series  of  precipitations  were  per- 
formed within  the  wide  pH  range  of  1.89  to  6.  The 
pH  values  of  the  solution  were  adjusted  either  by 
the  addition  of  acid  or  alkali  as  required  after  the 
addition  of  potassium  fluoride  solution.  The  precipi- 
tates were  left  to  stand  for  two  days,  filtered  through 
sintered  glass  crucibles,  washed  with  60%  ethyl 
alcohol  and  dried  at  100°  C  in  vacuum  till  constant 
weight.  Samples  of  each  preparation  were  micro- 
analysed  for  their  carbon,  hydrogen,  nitrogen  and 
the  residue  assumed  to  consist  of  U3Og.  The  results 
of  these  analyses  (Table  1)  show  that  the  precipi- 
tates formed  between  pH  1.89  and  4.19  possess 
practically  the  same  composition,  whereas  at  higher 
pH  values  up  to  6  a  gradual  rise  of  the  residue  man- 
ifests itself,  indicating  co-precipitation  of  uranyl 
hydroxide.  These  data  show  that  in  precipitating 
pure  strychnine  uranyl  fluoride  the  pH  of  the  solu- 
tion should  not  exceed  4. 

COMPOSITION  OF  THE  PRECIPITATE  FORMED 

A  series  of  precipitations  were  made  under  uniform 
conditions  at  one  and  the  same  pH  of  about  3.5.  The 
buffered  reagent  consisting  of  30  gm  glacial  acetic 
acid  and  5.45  gm  sodium  acetate,  17.12  gm  of  strych- 
nine sulphate  and  20.087  gm  of  uranyl  nitrate  was 
prepared  by  dissolving  these  ingredients  in  redis- 
tilled water  and  the  solution  diluted  up  to  1  liter 
in  order  to  become  0.04M  with  respect  to  uranyl 
nitrate  and  0.02M  with  respect  to  strychnine  sul- 
phate. The  solution  remained  optically  clear  for  one 
month  and  its  pH  value  was  constant. 

The  reagent  was  added  in  excess  in  platinum  dish- 
es to  portions  of  potassium  fluoride  containing  25 
mgm  of  fluorine  (in  25  ml).  The  precipitates  formed 
were  filtered  after  two  days  standing,  washed  with 
60%  alcohol,  dried  in  vacuum  and  microanalysed. 
The  results  of  representative  analysis  are  given  in 
Table  II.  Based  on  analytical  data  the  composition 
of  the  precipitate  was  found  to  correspond  to  the 
empirical  formula: 

7(C21H2202N2HF)  •  6(U02F2)  -2HF 


The  above  formula  is  based  on  the  premise  that 
the  residual  ash  consists  only  of  UaOg.  A  liable  error 
may  arise  from  the  residue  not  having  exactly  the 
above  composition  or  from  contamination  with  potas- 
sium carbonate.  Although  potassium  could  not  be 
detected  analytically  in  the  residue,  spectroscopic 
examination  revealed  very  faint  lines  characteristic 
of  this  element.  One  could  avoid  the  occlusion  of  any 
trace  of  potassium  on  precipitating  strychnine  uranyl 
fluoride  by  admixing  together  in  a  platinum  dish 
uranyl  fluoride  and  strychnine  base  dissolved  in  a 
slight  excess  of  hydrofluoric  acid.  The  precipitate 
formed  in  a  series  of  11  experiments  yielded  on 
analysis  practically  the  same  results. 

In  the  above  determinations  the  fluorine  content 
of  the  precipitates  was  evaluated  by  difference.  This 
may  be  subject  to  some  error  if  a  small  quantity  of 
water  was  occluded,  which  could  not  be  reproducibly 
removed.  In  a  series  of  experiments  direct  determin- 
ations were  therefore  made  by  adding  the  reagents 
to  a  known  excess  of  a  potassium  fluoride  solution, 
allowing  the  precipitate  to  stand  for  3  days  at  room 
temperature,  filtering,  washing,  drying  at  100°C 
and  weighing.  The  amount  of  fluorine  was  determined 
in  the  filtrate  volumetrically,  using  thorium  nitrate 
as  reagent  and  sodium  alzarin  sulphonate  as  the 
indicator  following  the  procedure  recommended  by 
Rowly  and  Churchill.3  By  subtraction  from  the 
amount  originally  present,  the  fluorine  content  of  the 
precipitate  could  be  calculated.  The  results  of  a 
series  of  10  determinations  are  shown  in  Table  III. 

From  these  results  it  can  be  seen  that  the  fluorine 
amounts  to  9.142%  as  compared  with  the  average 
values  of  9.132  and  9.039%  as  determined  by  differ- 
ence, confirming  thus  the  empirical  formula  given 
for  strychnine  uranyl  fluoride. 

EFFECT  OF  TIME  AND  CONCENTRATION  ON  THE 
COMPLETION    OF    PRECIPITATION 

The  effect  of  time  and  concentration  on  the  com- 
pletion of  precipitation  were  traced  by  adding  con- 
Table  II.     Results  of  Micro-Analysis  of  Precipitates 
Formed  at  pH  3  from  the  Reagent  and  Potassium 
Fluoride  and  from  Admixing  Uranyl  Fluoride  and 
Strychnine  Base  in  Excess  Hydrofluoric  Acid 
in  Aqueous  Solution 


Theory 


From  reagent     From 

and  potassium      and  strych- 

fluoride  nine  in  HF 


Carbon 

40.46 

40.48 

40 

Hydrogen 

3.95  6 

3.93  1 

Nitrogen 

4.45  2 

4.32 

U02 

37.044 

37.14 

Strychnine 

53.61  4 

53.62, 

53.54 

H  to  from  strychnine 

(calc.) 

O.lSo 

O.lSo 

0.16 

Uranyl  radical 

37.044 

37.140 

37.11 

Fluorine  by  diff. 

9.142 

9.03  , 

9.14 

H  in  HF  (calc.) 

0.05  o 

0.05  o 

0.05 

Total 

100.00 

100.00 

100.00 

STRYCHNINE  URANYL  FLUORIDE 
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Table  III.     Determination    of    Fluorine    Content    in 
the  Precipitate 


Precipitate,  mg. 

1165.0 

1168.0 

1166.2 

582.7 

Fluorine,  mg. 

106.67 

106.63 

106.57 

53.24 

Found,  % 

9.156 

9.129 

9.128 

9.137 

Precipitate,  mg. 

583.1 

388.6 

382.9 

291.4 

Fluorine,  mg. 

53.29 

35.53 

35.02 

26.73 

Found,  % 

9.140 

9.14o 

9.14, 

9.167 

Precipitate,  mg. 

291.5 

116.6 

— 

Fluorine,  mg. 

26.65 

10.64 

— 

Found,  % 

9.140 

9.126 

— 

Average 


Nil 


Nil 


9.142 


stant  volumes  of  the  buffered  reagent  to  known 
amounts  of  freshly  ignited  potassium  fluoride.  The 
solutions  were  kept  in  a  thermostat  at  30°  C  ±0.2° 
for  different  periods  of  time,  filtered  at  different  in- 
tervals and  washed  with  60%  alcohol  saturated  with 
the  same  precipitate,  so  as  to  prevent  dissolution  of 
the  precipitate.  The  precipitate  was  then  dried  and 
weighed.  The  total  volume  in  each  experiment 
amounted  to  100  ml  after  addition  of  reagent. 

Five  sets  of  experiments  were  made.  The  fluorine 
ion  concentrations  in  these  experiments  were  60,  80, 
100,  150  and  180  mg/100  ml.  The  data  represented 
in  Fig.  4  reveal  that  at  the  minimum  concentration  of 
60  mg  fluorine  per  100  ml,  the  time  required  for  the 
maximum  amount  of  precipitate  to  be  formed  under 
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1000 


these  conditions  amounts  to  134  hr.  As  the  fluorine 
concentration  increases  the  time  required  decreases 
and  the  percentage  amount  of  precipitate  formed  in- 
creases. The  data  show  that  for  the  quantitative  pre- 
cipitation of  fluorine  under  the  above  conditions, 
either  a  correction  factor  of  0.0829  mg  of  fluorine 
per  ml  of  solution  is  to  be  applied  or  that  the  process 
is  to  be  modified  so  as  to  render  the  precipitation 
more  quantitative. 

PRECIPITATION  FROM  WATER-ALCOHOL  MIXTURES 

It  was  tried  to  find  out  whether  water-alcohol 
mixtures  could  be  more  advantageously  used  for 
precipitation  than  pure  water. 

As  is  shown  in  Fig.  5,  the  amount  of  precipitate 
increases  continuously  with  increase  of  the  propor- 
tion of  alcohol  present  up  to  50%.  At  concentrations 
of  alcohol  higher  than  70%,  the  amount  of  precipitate 
increases  at  first  rapidly  and  then  slowly.  Table  IV 
shows  that  the  precipitates  formed  in  0-70%  alcohol 
solutions  have  uniform  composition  and  corre- 
spond to  the  aforementioned  formula.  At  higher 
alcohol  concentrations  the  composition  of  the  precipi- 
tate deviates,  apparently  due  to  contamination  with 
other  ingredients.  We  have  chosen  a  60%  alcoholic 
solution  as  the  most  suitable  precipitating  medium. 

Table  IV.     Analysis  of  Precipitate  Formed  in 
Different  Alcohol   Concentrations 


Alcohol  0  2  5  10  IS  20 

Uranyl  radical  36.75  37.11  36.61  36.86  36.82  36.61 

Strychnine  53.07  53.23  53.53  53.15  53.71  53.53 

Alcohol  30  40  50  60  65  70 

Uranyl  radical  36.98  36.96  37.15  38.44  38.17  37.33 

Strychnine  54.06  53.40  53.61  54.06  53.24  53.39 

Alcohol  75  80  85  90  95 

Uranyl  radical  39.35  40.30  40.33  80.47  80.46 

Strychnine  53.00  49.67  49.18  10.72     8.52 
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In  such  a  solution,  the  presence  of  potassium  up  to 
70  mg/100  ml  docs  not  interfere  in  the  precipitation 
of  the  compound. 

ACCURACY  AND  PRECISION  OF  THE  METHOD 

The  results  of  experiments  carried  out  to  determine 
the  accuracy  and  precision  of  the  method  for  the 
determination  of  fluorine  (Table  V)  show  that  no 
precipitation  takes  place  when  the  fluorine  concen- 
tration lies  below  0.33  mg  per  ml.  Above  this  limit 
increasing  amounts  precipitate  out  up  to  a  concen- 
tration of  1.6  mg  of  fluorine  per  ml,  when  the  fluorine 
found  in  the  precipitate  amounted  to  99.95%  of  the 
amount  initially  present.  Higher  concentrations  of 
fluorine  give  results  of  the  same  order  of  accuracy. 
From  the  given  data  the  standard  error  of  the  deter- 
mination of  fluorine  in  60%  alcohol  solution  was 
calculated  arid  found  to  amount  to  it  0.04%. 

THE  DETERMINATION  OF  URANIUM  IN  PRESENCE 
OF  SOME  OTHER  METALS 

The  low  solubility  of  strychnine  uranyl  fluoride 
in  water  and  in  60%  alcohol  at  25°C  amounting  to 
47.5  mg  and  30  mg/100  ml  respectively  at  pll  3.5 
permits  the  determinations  of  uranium  in  the  pres- 
ence of  a  number  of  cations  such  as  Zn++,  Sn++, 
Sn^***,  $})+-*  M31+  + +,  Cr+ *  ',  Fe1  f.  Ce++and 
Ni++,  the  fluorides  of  which  are  either  soluble  or 
much  more  soluble  than  the  compound. 

Details  concerning  this  separation  will  be  published 
elsewhere. 


Table  V.     Accuracy  and   Precision  of  Fluorine 

Determination  by  Precipitation 

in  60%  Alcohol* 


Fluorine 

Fluorine 
concentration 
mg/ml 

Present 
»IK 

Found 
n*K 

Diffe  rente 
MR 

% 

0.127 

6.44 

0.00 

-  6.44 

-100.00 

0.256 

12.82 

0.00 

-12.82 

-100.00 

0.336 

17.32 

3.22 

-14.10 

-  81.41 

0.400 

20.07 

8.36 

-11.71 

-  58.35 

0.614 

32.19 

24.60 

-  7.59 

-  23.58 

0.757 

6.44 

5.89 

-  0.55 

-     8.54 

.038 

27.26 

26.45 

-  0.81 

-     2.97 

.237 

10.94 

10.91 

-  0.03 

-     0.27 

.235 

32.73 

32.47 

-  0.26 

-     0.79 

.276 

70.82 

70.69 

-  0.13 

-     0.18 

.423 

38.18 

38.20 

0.02 

0.05 

.600 

19.53 

19.52 

-  0.01 

-     0.05 

1.616 

43.63 

43.60 

-  0.03 

-    0.07 

1.800 

19.53 

19.54 

0.01 

0.05 

2.00 

19.53 

19.54 

0.01 

0.05 

4.00 

19.53 

19.50 

-  0.03 

-    0.15 

*  Standard  error  =  ±  V2da/0*(w  —  D)  where  d  ~  de- 
viation from  true  value,  and  ;/  is  the  number  of  determina- 
tions. Standard  error  of  the  last  seven  determinations 
^_  ±  0.04%. 
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Separation  of  Alkali  Metals  and  Alkaline-Earth  Metals  from 
Uranium  and  Their  Determination 
by  Flame  Spectrophotometry 

By  Julia  F.  Possidoni  de  Albinati  and  Jorge  H.  Capaccioli,*  Argentina 


Alkali  metals  and  alkaline-earth  metals  found  as 
impurities  in  uranium  or  its  compounds  can  be  easily 
and  rapidly  determined  by  extraction  from  this 
element  and  their  analysis  by  flame  Spectrophoto- 
metry. Thus,  a  single  operation  can  yield  the  results 
which  otherwise  would  require  special  methods  for 
each  particular  element. 

The  limits  of  sensitivity  established  by  us  for  the 
measurement  of  these  metals  appear  in  Table  I. 

The  method  under  study  is  based  on  these  data, 
and  its  accuracy  is  subject  to  the  sensitivity  of  the 
apparatus. 

REAGENTS  AND  INSTRUMENTS 

Nitric  acid,  free  from  rare  earths  and  alkaline 
metals,  is  prepared  by  distillation  of  the  chemically 
pure  acid  in  a  quartz  vessel.  The  purified  product 
is  kept  in  a  quartz  or  "Vycor"  container.  The  purity 
test  is  made  by  evaporating  30  ml  in  a  quartz  or 
platinum  crucible,  dissolving  the  residue  with  redis- 
tilled water  and  measuring  the  elements  in  a  flame 
spectrophotometer. 

Water  used  is  redistilled,  using  quartz  vessels. 

Ethyl  ether,  alcohol  free.  Shake  one  liter  of  ether 
in  a  separation  funnel  with  4  or  5  lots  of  redistilled 
water,  200  ml  each,  decanting  the  aqueous  layer  each 
time. 

Li,  Na,  K,  Kb,  Cs,  Ca,  Sr  and  Be  in  standard 
solutions.  The  standard  solutions,  kept  in  polyethylene 
containers,  contain  1  mg/ml  of  metal  in  the  nitrate 
form.  The  dilute  solutions  are  prepared  immediately 
before  use  since  glass  volumetric  apparatus  may  be 
employed  if  contact  with  the  solutions  is  short  (a 
few  hours). 

Quartz  still.  All  water  used  during  the  process  is 
produced  in  a  "Heraeus"  still. 

Flame  spectrophotometer.  The  Beckman  DU  spec- 
trophotometer was  used  with  flame  attachment  (No. 
9200)  ;  oxyacetylcne  burner  (No.  4030)  ;  phototube 
(No.  157)  special  for  flame  (625-1000  m/*  range)  ; 
phototube  No.  2342-1  was  used  for  the  blue  region. 

Decanting  ampules,  quartz. 

Volumetric  material.  10,  5,  2,  1  and  0.1  ml  grad- 
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uated   and    recalibrated   pipettes.   25    ml    graduated 
beakers ;  5  ml  graduated  containers. 

Glasses  and  capsules,  quartz. 

Quartz  still  for  nitric  acid. 

SPECTRA  OF  ALKALI  METALS  AND  ALKALINE-EARTH 
METALS 

Figures  1  to  8  show  the  emission  spectrum  of  the 
elements  of  interest.  The  abscissae  are  the  wave- 
lengths (millimicrons)  and  the  ordinates  are  the 
luminous  intensities  read  on  the  transmittance  scale 
of  the  apparatus  ("%T").  The  concentrations  of 
the  elements  and  the  corresponding  slit  widths  are 
given  for  each  case. 

Sodium,  lithium,  potassium  and  calcium  give  a 
single  well-defined  peak.  Rubidium  gives  one  max- 
imum and  two  secondary  peaks,  one  of  which  inter- 
feres with  the  optimum  wave  of  potassium.  Cesium 
displays  two  peaks ;  the  lesser  one  may  interfere  with 
the  readings  for  barium.  Strontium  has  one  principal 
and  one  secondary  peak  which  should  be  taken  into 
account  during  the  determination  of  small  amounts 
of  lithium.  Calcium,  although  it  gives  a  single  max- 
imum peak,  produces  luminosity  in  a  wide  range  of 
wavelengths,  and  may  create  difficulties  for  the 
estimation  of  small  amounts  of  sodium.  Finally 
barium  is  the  most  unfavorable  case  :  the  low  intensity 
of  its  emission  is  combined  with  weak  luminosity  over 
a  wide  range  of  wavelengths. 

CALIBRATION   CURVES 

Calibration  curves  were  constructed  to  check  on 
the  linear  correlation  betwen  concentrations  and 
luminous  intensities,  the  effect  of  the  interfering 
element  being  studied  in  each  case.  Figures  9  to  16 
represent  these  curves. 

Table  II  is  based  on  the  results  obtained  with 
known  concentrations  of  alkali  metals  and  alkaline- 
earth  metals,  measured  at  the  wavelengths  shown 
and  with  the  slits  used  relative  to  the  respective 
elements. 

ANALYTICAL  APPLICATION 

Since  the  calibration  functions  give  straight  lines 
when  the  concentrations  are  plotted  vs  luminosities, 
the  concentration  of  an  unknown  sample  can  be 
computed  mathematically  from  the  graph  of  readings 
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of  a  solution  of  known  concentration  and  the  readings 
for  distilled  water. 

This  method  eliminates  the  errors  due  to  reference 
("dark")  current  changes  during  a  series  of  readings 
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Figure  1 


Table  I 


Element 

Lithium 

Sodium 

Potassium 

Rubidium 

Cesium 

Calcium 

Strontium 

Barium 


Concentration  limits 

10-7 
10-6 
10-5 
10-5 


10-5 
10-5 


and  the  errors  caused  by  changes  in  the  sensitivity  of 
the  apparatus. 

The  effect  of  interfering  elements  may  be  also 
disregarded  in  each  case,  by  taking  the  readings  at 
the  proper  wavelengths. 

Some  synthetic  samples  analyzed  by  this  method, 
yielded  good  results.  Following  are  some  examples 
(note  the  lower  limits  of  detection,  which  are  sub- 
tracted from  the  calibration  curves). 


Element 

Ca 

Na 

Li 

Sr 

K 

Rb 

Cs 

Ha 


Element 

Ca 

Li 
Sr 
K 
Cs 
Ba 


Element 

Ca 

Na 

Li 

Rb 


Sample  1 


True  concentration 
(y/ml) 

45 

no 

4 

40 
15 

6 

0 
10 


Sample  2 


Trite  concentration 
(y/ml) 

100 

8 

0 
20 
40 
80 


Measured  concentration 
(7/ml) 

45 
110 

4 
50 
17 

7 

1 


Measured  con<  entration 
(y/ml) 

95 

8 

0 

22 

40 

100 


Sample  3 

True  concentration  Measured  concentration 


8 

0 

0.3 

4 


9 
0 

0.5 
5 
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SEPARATION  OF  URANIUM 

Uranium  may  be  separated  by  precipitation  as 
uranium  tetrafluoridc  by  electrolytic  reduction  of 
uranyl  sulfate  in  hydrofluoric  acid,  using  a  platinum 
plate  as  the  cathode  and  a  coil  of  the  same  metal  as 
the  anode:1 

U02(S04)  +  2H2S04  -*  U(S04)2  +  2iI20  +  S04= 

U(S04)2  +  2HF  -»  H2[U(S04)2F2] 
2H2LU(S04)2F2]  -*  UF4  +  U(S04)2  +  2H2SO4 

The  separation  is  achieved  more  readily  by  ether 
extraction.  Uranium  nitrate  is  extractable  by  several 
organic  solvents,  particularly  ketones  and  ethers.2"6 
One  of  the  most  frequently  used  is  ethyl  ether. 
The  highest  efficiency  is  obtained  if  the  aqueous 
phase  is  saturated  with  ammonium  nitrate  and  the 
acidity  raised  to  1.5M  with  nitric  acid.  Under  these 
conditions,  the  extraction  coefficient  reaches  to  3.5. 
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However,  in  the  absence  of  ammonium  nitrate  in  the 
aqueous  phase,  the  optimum  concentration  of  nitric 
acid  is  4-5M  and  then  the  coefficient  is  2.3.7 

The  extraction  coefficient  is  the  ratio  applicable 
to  all  the  species  of  the  same  substance  in  the  two 
phases.  Conversely,  the  distribution  coefficient  applies 
strictly  to  the  concentration  ratio  of  a  given  species 
between  the  non-miscible  solvents  in  equilibrium.8 
Since  uranyl  nitrate  passes  generally  to  the  ethc'r  with 
four  molecules  of  water  of  hydration2  and  to  the 
aqueous  phase  with  six,  reference  is  made  to  the 
extraction  coefficient  found  while  studying  extrac- 
tion with  this  solvent. 

The  optimum  working  conditions  in  this  case  were 
obtained  experimentally.  Ammonium  nitrate  was  not 
used  since  it  made  it  difficult  to  carry  out  the  estima- 
tion of  the  elements  in  the  aqueous  phase.  The  volume 
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of  water  is  maintained  at  about  5-8  ml;  a  larger 
volume  would  hinder  the  extraction  and  lengthen 
the  duration  of  the  next  stage  of  the  analytical  work. 
On  the  other  hand,  handling  is  difficult  with  smaller 
aqueous-phase  volumes.  Nitric  acid  is  added  to  the 
measured  volume  of  water  before  each  extraction, 
since  the  acid  is  distributed  throughout  the  water 
and  the  ether,  and  its  concentration  decreases  in  the 
former.  In  each  extraction,  20  ml  of  ether  are  used. 
If  these  precautions  are  taken,  5  or  6  extractions  are 
sufficient  to  eliminate  up  to  10  gm  of  uranium. 

RECOVERY  OF  ALKALI  METALS  AND  ALKALINE- 
EARTH   METALS  ADDED  TO  THE   URANIUM 

Use  is  made  of  uranyl  nitrate  assumed  to  be  free 
from  alkali  metals  and  alkaline-earth  metals,  since 
it  has  been  previously  extracted  with  ether.  The 
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Table  II. 

Values  Obtained  on  the  Flame  Spectro- 

photometer  with  Typical  Solutions 

Element  and          \ 

554, 

589 

671 

6S1 

7fifi 

780 

852 

87  S 

y/ml             "\ltt" 

0.38 

0.10 

0.18 

0.17 

0.05 

0.10 

0.20 

0.20 

Ca    (100) 

58 

14 

0 

0 

0 

0 

0 

0 

Na   (100) 

0 

307 

0 

0 

0 

0 

0 

0 

Li     (100) 

0 

3 

485 

0 

0 

0 

0 

0 

Li     (10) 

0 

0 

76 

0 

0 

0 

0 

0 

Sr     (100) 

0 

0 

8 

9 

0 

0 

0 

0 

K     (100) 

0 

0 

0 

0 

73 

3 

0 

0 

Kb   (100) 

0 

0 

0 

0 

4 

95 

0 

0 

Cs    (100) 

0 

0 

0 

0 

0 

0 

106 

1 

Ba    (500) 

0 

0 

1 

0 

0 

0 

11 

17 

solvent  is  evaporated,  and  portions  are  taken,  equiv- 
alent to  6  gm  UO2(NO3)2  -6H2O. 

Known  amounts  of  the  elements  to  be  recovered 
are  added  to  these  portions.  Extraction  is  carried 
out  and  each  residue  is  determined  by  comparing  it 
with  a  standard  solution  of  equal  concentration. 
Table  III  shows  the  results. 

The  results  are  sufficiently  close  to  justify  the 
claim  that  the  method  yields  an  efficient  separation 

Table  III 


Rletnent 


Ca 

Na 

Li 

Sr 

K 

Rb 

Cs 

Ba 


Observed  concentration  (y/ml) 

Aqueous  residue  obtained  &v 

extraction  of  uranium  iv\th  nitric       Standard  aqueous 
acid  and  ether  solution; 


85 

10 

2 

100 

23 

40 

9 

300 


80 

20 

2 

100 

25 

40 

9 

300 


of  the  alkali  metals  and  alkaline-earth  metals  from 
uranium. 

PROCESS  USED 
Separation  of  Uranium 

The  extraction  process  should  be  applied  to  uranyl 
nitrate.  If  the  sample  is  uranium  metal,  UOs  or  UaO8, 
it  should  be  dissolved  in  previously  distilled  nitric 
acid  and  evaporated  just  to  dryness.  The  crystals  are 
transferred  to  a  quartz  separating  funnel  (amount  to 
be  treated :  6  gm  uranium  or  its  equivalent  in  oxide 
or  nitrate).  About  5  ml  redistilled  water,  4  ml  nitric 
acid  and  20  ml  alcohol  free  ether  are  added.  The 
mixture  is  stirred  vigorously,  allowed  to  separate, 
and  a  new  extraction  is  made.  Extraction  is  repeated, 
until  the  ether  and  aqueous  layers  are  colorless. 

The  aqueous  phase  is  transferred  to  a  quartz  flask, 
in  which  the  washings  from  the  separation  funnel 
are  recovered.  These  liquids  are  boiled,  in  order  to 
eliminate  the  small  amount  of  ether  remaining  in  the 
aqueous  layer  and  to  reduce  the  volume  to  about  3 
ml.  The  liquid  is  cooled  and  transferred  to  a  5  ml 
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graduated  container;  small  amounts  of  redistilled 
water  are  added  until  the  appropriate  volume  is  made 
up.  This  solution  contains  the  alkali  metals  and 
alkaline-earth  metals. 

For  the  amount  of  uranium  indicated  a  total  separa- 
tion requires,  as  a  rule,  5  to  7  extractions. 

Stringent  precautions  must  be  taken  to  avoid  con- 
tamination, since  the  amounts  to  be  determined  are 
minute;  this  is  particularly  important  in  the  case  of 
sodium. 

The  amount  of  the  sample  used,  the  final  volume 
of  the  aqueous  solution  after  extraction,  etc.,  have 
been  computed,  taking  into  account  the  maximum 
tolerances  and  the  sensitivity  of  the  instruments. 
If  changes  occur  in  the  latter  (for  example  due  to 
using  a  photomultiplier)  or  in  the  detection  limits,  the 
conditions  will  have  to  be  modified  accordingly. 

Preparation  of  standard  solutions.  Prepared  as 
indicated  in  Table  IV. 

Table  IV.     Standard  Solutions 


Element 


Concentration 


Volume  ofstd.  solution     Final  volume 
to  be  taken  (ml)  (ml) 


Li 

10 

0.25 

25 

Na 

100 

2.50 

25 

K 

100 

2.50 

25 

Rb 

100 

2.50 

25 

Cs 

100 

2.50 

25 

Ca 

100 

2.50 

25 

Sr 

200 

5.00 

25 

Ba 

500 

12.50 

25 

Reading  the  Instrument 

Conditions  are  as  follows:  Wavelength  and  slit 
width  for  each  element  (see  below).  Selector  valve 
at  0.1.  Gas  pressure  for  the  burner:  13  psi  for  oxy- 
gen and  3  psi  for  acetylene  (under  these  conditions, 
the  flame  is  wide  and  of  low  intensity).  Selector 
key  of  load  resistor  at  2  (10,000  megohms). 


20 


40 


60  80 

Figure  10 


100  VCa/ml 


Read  and  record  the  luminosity  values  (percentage 
on  transmission  scale)  for  the  samples  and  for  the 
standard  solutions  at  the  wavelengths  and  slit  widths 
indicated  below.10 


Sample 


X  :  554  m/u;  slit  :  0.33  mm 

X  :  589  m/u;  slit  :  0.10  mm 

X  :  671  HIM;  slit  :  0.18  mm 

X  :  681  HIM;  slit  :0.17  mm 

X  :  768  HIM;  slit  :  0.05  mm 

X  :  780  HIM;  slit  :  0.10  mm 

X  :  852  HIM;  slit  :  0.20  mm 

X  :  873  m/i;  slit  :  0.20  mm 


(Me.) 


(Mil) 
(MSr) 
(MK) 
(MRb) 

(Men) 


Calcium 


Standard  Solutions 


X  :  554  m/*;     slit  :  0.33  mm  (SCaCa) 


slit  :  0.10  mm  (5NaNa) 


slit  :  0.18  mm 


slit  :  0.17  mm  (SSrSr) 


slit  :  0.05  mm 
slit  :  0.10  mm 


slit  :  0.10  mm  (SRbRb) 
slit  :  0.05  mm  (SRbK) 


slit  :  0.20  mm  (5Csc.) 
slit  :  0.20  mm  (5CsBa) 


slit  :  0.20  mm  (SBau») 
slit  :  0.20  mm  (SBac.) 


X 

:  589  mM 

Sodium 

X 

:  589  mM 

Lithium 

X 

:  671  tn.fi 

Strontium 

X 

'.  681  m/u 

Potassium 

X 

:  768  m/A 

X 

:  780  mu 

Rubidium 

X 

:  780  m^i 

X 

*7AO 

:  /Do  mfj, 

Cesium 

X 

:  852  m/n 

X 

:  873  ni/z 

Barium 

X 

:  873  mM 

X 

:  852  mfji 
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The  symbols  in  parentheses  indicate:  M,  sample; 
S,  standard  solutions;  5'Ca,  calcium;  .VNa,  sodium, 
etc. 

The  subscripts  indicate  the  wavelength  of  the 
readings.  Thus  MCa  is  the  reading  of  the  sample  at 
the  optimal  wavelength  of  Ca,  and  .S'NaCa  is  the  read- 
ing of  the  sodium-typing  solution  at  the  optimal 
wavelength  of  calcium. 

Subtract  from  each  reading  the  luminosity  value 
of  pure  water  obtained  under  similar  conditions. 

The  results  are  valid  only  in  the  cases  when  none 
of  the  elements  to  be  determined  is  in  great  excess. 
Otherwise,  the  interfering  effects  would  be  too  strong, 
and  the  corrections  indicated  in  the  computed  formu- 
lae would  not  apply. 

It  is  possible  to  compute  from  the  dispersion  char- 
acteristics of  the  prism,  the  real  band  width  for  each 
wavelength  using  the  values  of  the  slit  widths 


Table  V. 

Band  Width  for 

Each  Wavelength 

Element 

Wavelength 

Slit*            Width  of  band 
mm                    (w/tt) 

Ca 
Na 
Li 
Sr 
K 
Rb 
Cs 
Ba 

554 
589 
671 
681 
768 
780 
852 
873 

0.33                10.0 
0.10                 4.6 
0.18                  9.9 
0.17                 9.5 
0.05                  3.2 
0.10                  6.2 
0.20                17.3 
0.20                17.8 

As  a  rule,  the  bands  were  clearly  outlined  with 
the  above  slit  widths;  in  some  cases,  however,  the 
low  luminous  intensity  obtained  required  measure- 
ment to  he  made  with  wider  slits  to  the  detriment 
of  the  clarity  of  the  band  (Cs  and  Ba).  For  sodium 
and  potassium  the  range  can  be  increased  by  using 
wider  slits,  but,  if  the  sample  is  rich  in  these  elements 
the  readings  may  then  fall  outside  the  scale.  Further 


dilution  would  not  solve  the  problem,  since  it  would 
prevent  the  detection  of  some  of  the  other  elements. 
For  this  reason,  different  slits  have  been  chosen, 
taking  the  following  factors  into  consideration:  (1) 
the  sensitivity  required  for  each  element;  (2)  the 
response  of  the  instrument;  and  (3)  the  use  of  the 
same  solution  for  all  the  readings. 


COMPUTATIONS 


Li   (y/gmU)  =  - 


8.33 


MSr  X  SSru 


Mu  - 


83.3      I  Mo,  X  SCaNtt 

Na  (y/gm  U)  =  — 1  MK. 


83.3 

K    (y/gmU)  =  ^^ |MK  -• 


X  SRbK 


Rb(y/gmU)=- 
Cs  (y/gm  U)  =  • 
Ca(y/gmU)  =  - 
Sr(y/gmU)=- 
Ba  (v/gmU)  = 


SKK 
83.3 


X  SK 


83.3 


AfBa  X 


83.3  X  MCa 


166.6  X  MBr 


X  M 


Cs 


These  formulae  are  sufficiently  accurate  for  ana- 
lytical needs.  Computation  by  methods  of  successive 
approximations  would  be  much  more  complicated 
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Figure  14 


and  without  much  gain  in  accuracy,  since  it  depends 
on  the  precision  of  the  readings  in  the  instrument. 

In  some  cases  determinations  have  been  made  by 
comparing  the  readings  of  the  unknown  solution  with 
those  of  two  standard  solutions  of  different  concen- 
trations, and  comparing  the  observations  with  a 
single  standard  solution. 

The  following  example  shows  how  the  formulae 
are  computed :  Let  Mu  be  the  reading  of  the  sample 
at  the  wavelength  of  lithium  and  with  the  correspond- 
ing slit ;  ST-iu  is  the  reading  of  the  standard  lithium 
solution  under  similar  conditions;  AfSr,  the  reading 
obtained  with  the  sample  at  the  wavelength  and  slits 
for  strontium ;  and  finally  SSr&r  and  S*SrL1  the  read- 
ings of  a  standard  strontium  solution  at  the  wave- 
lengths and  with  the  slit  width  for  strontium  and 
lithium,  respectively.  The  problem  is  the  computation 
of  the  lithium  content  of  a  sample  which  also  contains 
strontium.  The  influence  of  the  strontium  is  pro- 
portional to  its  concentration,  which  is: 


%T 
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Figure  15 
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Figure  16 

sr-*  200  y  Sr/ml 
MSr  X  200 


400     7  Ba/ml, 


SSr, 


Sr 


y  Sr/ml 


And  under  the  reading  conditions  for  lithium : 
200  y  Sr/ml  ->  SSrLi 


MSr  X  200 


SSr, 


y  Sr/ml  • 


Sr 


MSr  X  200  X  5"SrL1 
SSrSr  X  200 


Subtracting  this  latter  value  from  the  MLi  reading 
we  obtain  : 

MSrXS-SrL1 


which  is  the  corrected  reading  for  lithium.  To  com- 
pare with  the  standard  lithium  solution  (which  con- 
tains lOy/ml)  : 
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Table  VI 


Values  obtain  fd  with 

Concentration 

Plain  phototube* 

Photomultiplier 

Element 

y/ml 

mp 

Slit  (mm) 

%T 

Sht  (mm) 

%T 

Calcium 

100 

554 

0.33 

5.8 

0.01 

15t 

Sodium 

100 

589 

0.10 

30.7 

0.10 

75* 

Lithium 

10 

671 

0.18 

7.6 

0.05 

98 

Strontium 

100 

681 

0.17 

0.9 

0.05 

7.4 

*  Phototube  No.  2342-1  was  used  for  the  blue 

region  and  No.  157  for  the  red  (above  625  m^). 

t  Photomultiplier  in  point  3  (sensitivity  in- 


MTA  - 


SLiu  ->  10  Li/ml 
M8r  X  SSi-u  10 


AfSr  X 


'Li' 


SLiL1 
y  Li/ml 


And  since  the  reading  was  taken  in  5  ml  of  the 
solution  obtained  from  the  extraction  of  6  gm  ura- 
nium, multiply  the  above  by  5/6  giving : 


Li  (y/gmU)  = 


8.33 


X 


CONCLUSIONS 


The  application  of  flame  spectrophotometry  to  the 
evaluation  of  the  alkali  metal  and  alkaline  earth 
metal  contents  in  uranium  and  its  compounds  was 
studied. 

1.  The  spectra  of  the  alkali  metals  and  alkaline 
earths  were  obtained. 

2.  Calibration  curves  for  all  these  elements  were 
plotted,  and  a  study  was  also  made  of  the  mutual 
influences  of  those  elements  emitting  at  wavelengths 
close  to  each  other. 

3.  The  most  convenient  method  for  the  separation 
of  the  uranium  was  chosen,  and  the  most  favorable 
conditions  for  ether  extraction  were  determined. 

4.  It  has  been  proved  that,  with  the  proposed  meth- 
od, recovery  of  elements  studied  is  quantitative. 

5.  The  methods  of  measurement  with  the  instru- 
ment used  are  described,  and  a  computation  method 
is  offered. 


creases  about  15  fold  upon  passing  to  "full"). 
^  Photomultiplier  in  point  2  (sensitivity  in- 
creases about  17  fold  upon  passing  to  "full"). 

Tables  with  the  experimental  data  obtained  are 
included  in  each  case. 

Note:  A  subsequent  paper  (Julia  F.  Possidoni  de 
Albinati:  "Yaloracic'm  de  lantano,  hierro  y  magnesio 
por  espectrofotometria  de  llama" ;  presented  at  the 
6th  Latin  American  Convention  on  Chemistry,  Cara- 
cas, May  1955  J  has  demonstrated  that  the  use  of  the 
photomultiplier  (1P28)  produces  much  higher  sen- 
sitivities in  the  determination  of  calcium,  sodium, 
lithium  and  strontium.  Table  VI  gives  some  numer- 
ical examples. 
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Estimation  of  Traces  of  Gallium,  Indium  and  Thallium  by 
Flame  Spectrophotometry,  its  Application  in  the  Andlysis  of 
High  Purity  Uranium 


By  A.  E.  Lagos,*  Argentina 


Subgroup  1 1  IB  of  the  periodic  system  consists  of 
the  elements  gallium,  indium  and  thallium,  which 
arc  of  very  rare  occurrence  and,  until  now,  of  no 
great  industrial  significance.  They  form  +  3  oxida- 
tion compounds  and,  in  the  case  of  thallium,  +  1. 
The  -I-  3  compounds  are  similar  to  those  of  alumi- 
num. The  acidity  of  the  hydroxides  decreases  with 
atomic  weight,  while  the  oxidation  potential  of  the 
ions  increases  with  it. 

These  elements  readily  give  up  their  first  electron, 
so  that  their  compounds  produce  characteristic  colors 
in  flames. 

FLAME  SPECTROPHOTOMETRY 

One  of  the  earliest  spectroscopic  techniques  was 
that  whereby  spectral  lines  were  obtained  by  exciting 
hot  vapors  introduced  into  a  flame. 

Real  flame  spectrophotometry  began  with  the  work 
of  Lundergardh.1  Although  the  original  Lundegardh 
method  was  substantially  modified  with  the  object 
of  simplifying  instrumentation,  the  principle  is  the 
same  and  consists  of  the  continuous  injection  of  the 
solution  to  be  analyzed  into  an  oxyacetylene  or  ox- 
hydrogen  flame,  thus  into  a  source  having  a  large 
heating  capacity.  The  atoms  of  the  elements  contained 
in  the  solution  are  excited,  emitting  radiation  of 
characteristic  wavelengths,  the  luminous  intensity 
of  which  is  measured  photometrically  after  suitable 
isolation,  by  means  of  a  prism,  diffraction  grating  or 
filter,  of  the  wavelength  considered  as  optimal,  for 
the  elements  to  be  determined.  At  present,  the  light 
intensity  of  the  spectral  line  considered  is  measured 
using  phototubes.  For  some  of  these  elements,  the 
sensitivities  have  been  determined  with  a  Beckman 
spectrophotometer,2  while,  for  the  elements  Cd,  Gd, 
Ga,  Au,  In,  Hg,  Gd,  Rh,  Ru,  Ag,  Sr  and  Tl,  the 
Lundegardh  values  are  given  as  established  by  flame 
spectrography. 

Table  I  shows  the  maximum  tolerances  set  for 
gallium,  indium  and  thallium  respectively,  considered 
as  impurities  in  the  uranium. 

This  paper  deals  with  the  study  of  a  method  for 
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the  evaluation  of  gallium,  indium  and  thallium  present 
in  high  purity  uranium. 

Flame  spectrophotometry  must  meet  the  following 
analytical  requirements : 

(a)  Adequate  sensitivity:  The  lower  limits  for 
the  amount  evaluated  should  be  a  few  y  for  the 
three  elements  (Table  I). 

(70  Specificity:  Inasmuch  as  it  is  necessary  to 
avoid  interference  from  other  radiation,  work  on  each 
element  should  be  undertaken  at  the  optimum  wave- 
length and  minimum  slit  width  compatible  with  the 
sensitivity. 

(c)  Linearity  of  the  relationship  between  the  con- 
centration of  the  elements  and  the  luminous  intensity 
of  the  radiation  within  the  concentration  range  re- 
quired is  needed. 

Reagents 

(a)  Standard  gallium,  indium  and  thallium  solu- 
tions, as  nitrates,  having  a  nitric  acid  acidity  of  3% 
are  prepared  with  spectroscopically  pure  chemicals. 
The  1  mg/ml  concentration  of  these  solutions  is 
determined  gravimetrically.  Dilute  solutions  are  pre- 
pared as  and  when  needed,  from  the  standard  solu- 
tions previously  prepared. 

(70  Uranyl  nitrate  free  from  gallium,  indium  and 
thallium. 

(c)  Nitric  acid,  pure,  redistilled. 

(d)  Ethyl  ether,  free  from  peroxide  and  alcohol. 

(e)  Water:  redistilled  in  quartz  apparatus. 

Equipment  and   Instruments 

(a)  Flame  spectrophotometer:  the  Beckman  D.U. 
flame  spectrophotometer  is  used  with  flame  attach- 
ment   (No.    9200)  ;    oxyacetylene    atomizer   burner 
(4030)  ;  special  phototubes  for  flames   (No.   157)  ; 
photomultiplier  ( 1 P28) . 

(b)  Oxygen  and  acetylene  from  cylinders  of  com- 
mercially available  types. 

(c)  'Quartz  still,  for  redistillation. 

(d)  Quartz  decanting  flasks. 

(e)  Volumetric  material:  calibrated  pipettes,  5-2 
and  1  ml;  calibrated  beakers,  25  ml;  calibrated  test 
tubes,  3  ml. 

(/)   Quartz  precipitation  vessels,  30  ml. 
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DESCRIPTION  OF  METHOD 
Separation  of  Uranium 

In  order  to  avoid  contamination  by  the  dispersion 
products  of  the  spectrophotomcter  burner  from  solu- 
tions which  may  contain  such  a  toxic  and  radioactive 
substance  as  uranium,  it  is  necessary  to  separate  the 
latter  from  gallium,  indium  and  thallium,  and  to  burn 
only  a  solution  of  these  elements.  The  separation 
should  be  made  from  uranyl  nitrate.  If  the  sample 
is  metallic  uranium,  UOa  or  UsOg,  it  should  be  dis- 
solved in  nitric  acid  and  heated  until  it  is  just  dry. 
The  amount  to  be  treated  is  5  gm  of  uranium  or  its 
equivalent  in  uranyl  nitrate,  UOa,  U3O8  etc. 

Separation  of  the  uranium  is  undertaken  by  ex- 
traction with  ether,3*4'5  making  sure  that  quantitative 
amounts  of  gallium,  indium  and  thallium  remain  on 
the  aqueous  layer.  The  most  convenient  method  is 
afforded  by  ether  extraction  from  an  aqueous  acid 
phase  of  4  to  5M  nitric  acid,  the  extraction  coefficient 
under  these  conditions  being  2.3.  The  separation  is 
made  as  follows :  uranium  nitrate  crystals  are  trans- 
ferred to  a  quartz  decanting  flask,  3  ml  of  redistilled 
water  are  added  along  with  2  ml  HNO8  and  20  ml  of 
ether  (alcohol  and  peroxide  free).  Stir  for  one 
minute,  decant  and  separate  the  ether  layer.  Repeat 
the  extraction  with  20-ml  ether  fractions,  adding  2 
ml  of  nitric  acid  before  each  of  them  in  order  to  re- 
place the  acid  dissolved  in  the  ether  used  for  the 
previous  extraction.  Not  more  than  5  extractions 
are  needed  for  5  gm  quantities  of  uranium,  but  these 
are  repeated  until  the  ether  extraction  is  colorless. 

The  aqueous  layer,  free  from  uranium,  and  the 
washing  residues  obtained  with  redistilled  water,  are 
transferred  to  a  30-ml  quartz  vessel,  after  which  the 
liquid  is  evaporated  down  to  1  ml,  and  made  up  to 
3  ml  in  a  calibrated  tube. 

This  is  the  solution  used  to  take  the  readings. 

Spectophotometric  Readings 

The  reading  conditions  are  as  follows:6'7  (a) 
wavelengths  (Table  II)  and  slit  widths  suitable 
for  each  element;  (b)  gas  pressures  for  the  burner: 
oxygen,  15  psi,  acetylene  3  psi,  giving  a  flame  of 
low  brightness;  (c)  selector  knob  of  the  load  re- 
sistance at  2  (22  megohms)  ;  (rf)  photomultiplier  at 
maximum  sensitivity;  (e)  sensitivity  at  maximum 
(counterclockwise  stop). 

Readings  are  always  made  immediately  after  zero 
adjustment  of  the  reference  current  ("dark  current") 
and  against  a  redistilled  water  bank. 

EXPERIMENTAL  PART 

Spectophotometry  of  Gallium,  Indium  and  Thallium 
Gallium,  Indium  and  Thallium  Flame  Spectra 

To  obtain  the  spectra  of  these  three  elements,  three 
standard  solutions  of  each  were  used,  and  light  in- 
tensities were  represented  in  T%,  as  a  function  of  y. 

In  each  case,  the  concentration  of  the  solution  was 
1  mg  of  each  element  per  ml,  and  the  reading  condi- 


Table  I 


Element 

Maximum  tolerance,  gm/gm 

Gallium 
Indium 
Thallium 

1(H 
10-o 
10-6 

Table  II 


Element 


Optimum  X  in  nifi 


Gallium 
Indium 
Thallium 


417.2 
451.1 
377.5 


tions  used  in  all  cases  were  for  maximum  sensitivity : 
slit  width,  0.05  mm ;  selector  knob  at  position  1 ; 
O2  pressure,  15  psi;  C2H2  pressure,  3  psi. 

Figures  1,  2  and  3  show  the  results  obtained  for 
gallium,  indium  and  thallium,  respectively. 

The  spectral  shapes  allow  the  use  of  very  narrow 
bands,  which  is  of  advantage  in  avoiding  the  influence 
of  flame  fluctuations  due  to  the  high  sensitivity  of 
the  device.  Furthermore,  the  shape  and  position  of 
the  peaks  make  it  possible  to  predict  the  non-inter- 
ference of  one  element  in  the  determination  of  the 
others. 

The  low  intensity  of  the  radiation  emitted  by  the 
elements  gallium,  indium  and  thallium,  as  compared 
to  those  which  correspond  to  the  alkali  and  alkaline 
earth  elements  justifies  a  forecast  of  interference  on 
the  part  of  the  later  while  making  determinations  per- 
taining to  the  former.  It  will  also  be  necessary  to 
look  into  possible  interference  by  other  elements 
which  emit  at  wavelengths  close  to  the  optimum 
wavelengths  of  gallium,  indium  and  thallium. 

It  will  be  noted  from  Figs.  1,  2  and  3,  that  gallium 
shows  a  main  peak  at  417.2  m/x,  and  a  secondary  peak 
at  403.3  m/A.  Indium  shows  its  main  peak  at  451.1 
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Figure  2.  Indium 


370  :i7G  J80  W5  530 


Figure  3.  Thallium 


nift,  with  a  secondary  peak  at  410.1  m/x,  and  thallium 
produces  a  main  peak  at  377.5  m/*,  with  a  secondary 
peak  at  535  m/*. 

Table  II  gives  the  optimum  wavelengths  for  gal- 
lium, indium  and  thallium. 

Calibration  Curves 

An  attempt  was  made  to  verify  the  linearity  of 
concentrations  in  the  solutions  to  be  analyzed  and  the 
luminous  intensities  obtained,  within  a  certain  margin. 
The  conditions  under  which  the  readings  were  taken 
were  established  experimentally  for  each  element 
in  order  to  obtain  a  high  sensitivity,  compatible  with 
the  high  precision  of  the  data  obtained. 

The  calibration  curves  of  the  elements  under 
study  (Figs.  4,  5  and  6)  were  obtained  working  at 
the  optimum  wavelengths  for  each  case  (Table  II). 
The  reading  conditions  were  those  previously  used, 
except  for  the  slit  width,  which  was  set  at  0.1  mm. 
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Table  III 

shows  that  there  is  no  mutual  interference  between 
these  elements. 

Application 

The  existence  of  a  linear  relationship  between  the 
intensities    and    concentrations    has    been    proved  ; 
therefore,  by  reading  the  luminous  intensity  of  an 
unknown  sample,  the  luminous  intensity  for  a  known 
standard   concentration    and    that    for   a    redistilled 
water  blank,  it  is  possible,  by  a  simple  proportion,  to 
obtain    the    concentration    of    the    unknown.    This 
method  of  measurement  rules  out  the  errors  due 
to  the  dark  current  during  a  series  of  reading  and 
also  to  sensitivity  variations  of  the  equipment. 
A  series  of  samples  were  analyzed  according  to 
the  procedure  outlined  above,  which  gave  the  results 
shown  in  Table  VI. 

Separation  of  Gallium,  Indium  and  Thallium  from 
Uranium 

Uranium  nitrate  free   from  gallium,  indium  and 
thallium  w;is  used.  Known  (iiiantities  of  trail  turn,  in- 

Lower  detection  limit 
Element                                            (y/ml) 

Gallium                                        1 
Indium                                         0.2 
Thallium                                        1 

Table  IV 

Element                         Actual  y/ml              Obtained  y/ml 

Gallium                            100                     100 
Indium                              100                      100 
Thallium                           100                      100 

Table  V 

Obtained  y/ml 

Element           Actual^/  ml       417.2  MJJL          1,51.  Imp         377.6  m/t 

Gallium                100               100                0                  0 
Indium                 100                 0                 100                 0 
Thallium              100                0                  0                100 

Figures  4,  5  and  6  show  that  there  is  a  linear 
relation  between  concentration  and  intensity. 
Furthermore,  the  detection  limits  which  arise  out 
of  the  analysis  of  these  figures  can  be  reduced  by  a 
factor  10  by  setting  the  selector  knob  at  0.1.  These 
conditions  produce  Table  III. 

Mutual  Interference 

A  solution  was  prepared  of  gallium,  indium  and 
thallium  containing  100  y  of  each  per  ml  of  solution 
and  the  optimum  wavelengths  were  read  for  each 
element,  which  gave  the  values  shown  on  Table  IV. 

We  prepared  three  solutions  of  gallium,  indium 
and  thallium  with  100  y  of  metal  per  ml  of  solution, 
and  read  them  at  their  optimum  wavelengths,  as  well 
as  at  the  optimum  wavelengths  for  other  elements, 
which  gave  the  following  values  (Table  V).  This 


diuin  and  thallium  are  added  to  5  gm  of  uranium  in 
the  form  of  uranyl  nitrate,  and  nitric  acid  to  a  con- 
centration of  4-5  M.  Five  extractions  are  made  with 
20  nil  fractions  of  ether.  After  each  extraction  1  ml 
nitric  acid  is  added  to  the  aqueous  layer,  in  order  to 
re-establish  the  acidity.  The  aqueous  phase  is  then 
transferred  to  a  quartz  crucible,  evaporated  until  al- 
most dry,  brought  up  to  3  ml  in  a  calibrated  tube  and 
then  used  for  measurements.  The  readings  obtained 
with  redistilled  water  are  compared  with  standards  of 
known  concentration. 

This  method  of  separation  was  tested  giving  the 
values  appearing  in  Table  VII. 

The  results  obtained  are  such  as  to  warrant  the 
claim  that  the  separation  of  gallium,  indium  and 
thallium  from  uranium  by  ether  extraction  is 
efficient. 


Table  VI 

Element 

Sample  I 

Sample  2 

Sample  H 

Sample  4 

Added                   Mfas. 
y/ml                    y/ml 

Added 
y/ml 

Meas. 
y/ml 

Adtled 
y/ml 

Meat, 
y/ml 

Added 
y/ml 

Meas. 

y/ml 

Gallium 
Indium 
Thallium 

100                   100 
100                    97 
100                  100 

10 
100 
100 

10 
100 
100 

100 
10 
100 

100 
10 
100 

100 
100 
10 

100 
100 
9 

Table  VII 

Samplf  1                                 Sample  2 

Sample  3 

Sample  4 

Sample  5 

Element 

Added              Rfcav.              Added 
y/ml                 y/ml                 y/ml 

Rtcov. 

y/ml 

Added 
y/ml 

Rtcov. 
y/ml 

Added              Recov. 
y/ml                y/ml 

Added 

y/ml 

Recov. 
y/ml 

Gallium 
Indium 
Thallium 

100                99              100 
100              100              100 
100                97              100 

100 
97 
99 

100 
100 
100 

104 
95 
100 

100              100 
SO                50 
100                95 

100 
10 
50 

101 
10 
50 
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Interferences 

To  check  the  influence  of  other  elements  in  the 
determination  of  gallium,  indium  and  thallium,  the 
luminous  intensities  corresponding  to  a  series  of 
elements  at  the  optimum  wave  lengths  of  Ga,  In 
and  Tl  were  measured.  This  series  of  elements  in- 
cludes, not  only  those  emitting  radiations  near  the 
wavelengths  of  Ga,  In  and  Tl,  but  also  almost  all 
those  detectable  on  the  Beckman  spectrophotometer 
with  the  oxyacetylene  flame. 

Table  VIII  lists  the  determinations  made  with 
solutions  of  each  element  prepared  with  spectro- 
scopically  pure  chemicals. 

Table  IX  shows  the  equivalents  in  gallium,  indium 
and  thallium,  of  the  possible  interferences  studied. 


Table  X  shows  the  maximum  quantity  of  each 
element  studied  which  does  not  interfere  in  the  spec- 
trophotometry  of  gallium,  indium  or  thallium, 
when  these  are  in  concentrations  of  the  order  of  10~4, 
10~5  and  10~3,  respectively.  When  smaller  amounts 
are  to  be  evaluated,  the  indicated  tolerances  should 
be  proportionally  smaller. 

The  activity  of  Ga,  In  or  Tl,  as%  well  as  that  of 
each  of  the  interfering  elements,  has  been  checked 
by  the  use  of  artificially  prepared  mixtures.  For  the 
cases  in  which  these  are  found  in  concentrations 
greater  than  those  tolerated  in  the  photometry  of 
Ga,  In  and  Tl  (Table  X),  the  luminous  intensity 
values  obtained  at  the  optimum  wavelengths  of  each 
are  corrected,  eliminating  those  producing  inter- 
ferences at  those  same  wavelengths.8 


Table  VIII 


Table  IX 


Element 

Sol,  used 
y/ml, 

T%  at 
377.5  WM 

T%at 
417.1  mft 

T%  at 
451.1  m/» 

Element 

Sol.  used, 
y/ml 

At  377.5  wM 
x  y  of  element 
is  equiv. 
to  y  Tl 

4/417.1  MM 

x  y  of  element 
is  equiv. 
to  y  Ga 

4*451.1  mtt 
x  y  of  element 
is  equiv. 
to  y  In 

Tl 

100 

31.5 

0 

0 

Tl 

1000 

1000 

0 

0 

Ga 

100 

0 

24 

0 

Ga 

100 

0 

100 

0 

In 

10 

0 

0 

9 

In 

10 

0 

0 

10 

Li 

50 

0 

0 

0 

Li 

50 

0 

0 

0 

Na 

100 

1 

1 

1.0 

Na 

100 

3.1 

25 

15.4 

K 

100 

1 

1.1 

1.3 

K 

100 

3.1 

27 

16.3 

Rb 

1000 

0 

3.1 

4.5 

Rb 

1000 

0 

14.5 

8.2 

Cs 

50 

0 

0 

0 

Cs 

50 

0 

0 

0 

Mg 

1000 

28.5 

2.0 

2.4 

Mg 

1000 

90.4 

0 

0 

Ca 

1000 

10.0 

6.5 

9 

Ca 

1000 

31.7 

104.1 

82 

Sr 

100 

0 

0.7 

0.4 

Sr 

100 

0 

0 

0 

Ba 

1000 

0 

2.8 

7.2 

Ba 

1000 

0 

125 

0 

La 

1000 

0 

2.0 

4.5 

La 

1000 

0 

0 

0 

Fe 

100 

0.9 

0.3 

2.1 

Fe 

100 

3.1 

8.3 

1.8 

Cd 

10 

0 

0 

0 

Cd 

10 

0 

0 

0 

Cr 

100 

0 

0 

0 

Cr 

100 

0 

0 

0 

Co 

10 

0 

0 

0 

Co 

10 

0 

0 

0 

Mo 

100 

0 

0.2 

0.2 

Mo 

100 

0 

4.1 

4.5 

Ni 

100 

0 

0 

0 

Ni 

100 

0 

0 

0 

Mn 

10 

0 

0 

0 

Mn 

10 

0 

0 

0 

B 

10 

0 

0 

0 

B 

10 

0 

0 

0 

Cu 

100 

0 

0 

0 

Cu 

100 

0 

0 

0 

Ag 

10     • 

0 

0 

0 

Ag 

10 

0 

0 

0 

Ti 

100 

0.2 

0.2 

0.5 

Ti 

100 

0 

1 

0.5 

V 

100 

0 

0 

0 

V 

100 

0 

0 

0 

Al 

1000 

0 

0 

0 

Al 

1000 

0 

0 

0 

Sb 

100 

0 

0 

0 

Sb 

100 

0 

0 

0 

Zn 

100 

0 

0 

0 

Zn 

100 

0 

0 

0 

Pb 

10000 

0.2 

0 

0.5 

Pb 

10000 

0 

0 

0.5 

Hg 

10 

0 

0 

0 

Hg 

10 

0 

0 

0 

Pt 

100 

0 

0 

0 

Bi 

100 

0 

0 

0 

Pd 

100 

0 

0 

0 

Pt 

100 

0 

0 

0 

Bi 

100 

0 

0 

0.2 

Pd 

100 

0 

0 

0 

Nd 

100 

0 

0 

0 

Nd 

100 

0 

0 

0 

Zr 

100 

0 

0 

0 

Zr 

100 

0 

0 

0 
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Table  X 

SUMMARY 

A  method  is  proposed  for  the  evaluation  of  galli- 

Element 

y/ml  permitting       V/»*l  permitting 
Tl  photometry           Ga  photometry 

y/ml  permitting 
In  photometry 

um,  indium  and  thallium  by  flame  spectrophotometry, 

and  its  application  to  the  estimation  of  these  elements 

SO 

50 

50 

in  uranium  and  its  compounds. 

Na 

+j\j 

100 

*?w 

100 

50 

(a)  The  spectra  of  gallium,  indium  and  thallium 

K 

100 

100 

33 

were  obtained. 

Rb 

1000 

300 

100 

(b)  Calibration  curves   for  these   same  elements 

Cs 

50 

50 

50 

were  drawn. 

Mg 

500 

500 

200 

(c)  The  separation  of  gallium,  indium  and  thalli- 

Ca 

750 

200 

50 

um    from   uranium   by    ether   extraction    from   the 

Sr 

100 

100 

100 

nitrates  in  a  nitric  acid  medium  was  studied,  and 

Ba 

1000 

500 

50 

it  was  shown  that  it  is  quantitative  under  the  con- 

La 

1000 

500 

100 

ditions  established. 

Fe 

100 

100 

20 

(d)   Interferences  are  studied,  and  a  method  for 

Cd 

10 

10 

10 

correcting  them  is  suggested. 

Cr 

100 

100 

100 

Co 

10 

10 

10 
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Estimation  of  Lanthanum,  Iron,  and  Magnesium 
by  Flame  Spectrophotometry 

By  Julia  Flavia   Possidoni  de  Albinati,*  Argentina 


The  use  of  flame  Spectrophotometry  for  the  evalua- 
tion of  lanthanum,  iron  and  magnesium  in  uranium 
and  its  compounds  has  been  studied. 

Flame  emission  of  these  elements  can  be  used  for 
analysis  employing  oxyacetylene  or  hydrogen-oxygen 
burners.1'2 

After  the  extraction  of  uranium  with  ether  the 
nitric  acid  medium  of  about  4M  contains  the  follow- 
ing elements  in  the  aqueous  phase:  alkali  metals, 
alkaline  earth  metals,3  gallium,  indium,  thallium,4 
iron,  magnesium,  and  lanthanum. 

A  study  has  been  made  of  the  possibility  of  de- 
termining iron,  magnesium,  and  lanthanum  together 
or  by  the  separation  of  the  iron  as  a  chloride  in 
6A/  hydrochloric  medium. 

REAGENTS  AND  APPARATUS 

1.  Nitric  acid:  distilled  in  quartz  and  kept  in  a 
quartz  or  "Vycor"  container. 

2.  Hydrochloric  acid :  same  as  above. 

3.  Redistilled  water:  in  quartz. 

4.  Ethyl  ether :  Freed  from  peroxides  and  alcohol 
by  distillation  from  ferrous  sulfate  and  washing  with 
redistilled   water. 

5.  Standard   solutions   of    magnesium,    iron,    and 
lanthanum :    prepared    with    spectroscopically    pure 
chemicals  and  redistilled  water.  Concentrations  (ca 
1  mg/ml)  were  established  gravimetrically.  Kept  in 
polyethylene  containers.  Diluted  solutions  were  pre- 
pared immediately  before  use.  The  same  precautions 
were  observed  for  the  other  elements  under  study. 

6.  Quartz  still :  A  Heraeus  still  was  used. 

7.  Flame  spectrophotometer :  Beckman  model  DU 
with    flame   attachment    (No.    9200),    oxyacetylene 
burner  (No.  4030),  hydrogen-oxygen  burner  (No. 
4031),  phototube  for  the  red  zone  (No.  157)  and 
photomultiplier  (IP38)  for  the  blue  and  the  ultra- 
violet. 

8.  Decanting    ampules:    with    additional    attach- 
ment permitting  separation  of  the  ether  phase. 

9.  Volumetric  flasks:  controlled  pipettes,  burettes, 
and  beakers. 

10.  Glassware  and  capsules:  quartz. 


EMISSION  SPECTRA  OF  IRON,  LANTHANUM  AND 
MAGNESIUM 

Emission  spectra  were  obtained  with  the  oxy- 
acetylene burner  and,  for  magnesium,  with  the 
hydrogen-oxygen  burner  as  well. 

The  lanthanum  spectrum  displays  three  clearly 
defined  maxima  (Fig.  1)  of  which  the  565  m//,  peak 
is  the  most  sensitive ;  however,  since  in  this  line  there 
is  considerable  interference  from  other  elements,  the 
440  m/n  peak  is  more  convenient  for  estimation.  It 
was  obtained  with  1  mg/ml  of  lanthanum  solution. 

The  iron  spectrum  is  quite  complex  and  presents 
four  peaks  between  358  and  393  m/n;  among  these, 
the  372  m/x  is  the  most  convenient  for  analytical 
purposes.  It  also  displays  intense  luminosity  over  a 
broad  region  of  the  spectrum.  It  was  obtained  with 
250  y/ml  iron  solution  (Fig.  2). 

Two  peaks  were  observed  in  the  magnesium  spec- 
trum (Fig.  3)  and  both  are  convenient  for  evalua- 
tion (371  and  383  m/*),  but  only  one  of  them  is 
sensitive  in  the  hydrogen-oxygen  burner  (Fig.  4)  at 
285  m/x.  This  was  obtained  working  with  1  mg/ml 
magnesium  solution. 


Original  language:  Spanish. 

*  Comision  Nacional  de  la  Energia  Atomica. 


\mjuL 


313 


314 


VOL.  VIII     P/1006         ARGENTINA         J.  F.  POSSIDONI  DE  ALBINATI 


Table  I.     Effect  of  Acetylene  Pressure  Change. 
Oxyacetylene  Burner,  Oxygen  Pressure:  10  psi 


Pressure  of  Ct  lit, 
psi 

Intensity, 
"CT 

2.5 

7.- 

3.0 

13.- 

3.5 

17.- 

4.0 

22.5 

4.5 

26.- 

5.0 

30- 

5.5 

33.- 

6.0 

35- 

6.5 

38.- 

WORKING   CONDITIONS   FOR   APPARATUS 
Influence  of  Pressures  of  Burning  Gas 

It  has  been  shown  that  it  is  important  to  adjust 
exactly  the  gauge  pressures  of  the  gases  feeding 
both  types  of  burners;  these  values  are  given  in 
Tables  I,  TI,  and  III.  In  each  case,  a  1000  y/ml 
magnesium  solution  was  used  and  was  read  against 
redistilled  water. 

It  was  observed  that  an  increase  in  gas  pressure 
increased  the  intensity  of  radiation  (besides  increas- 
ing the  luminosity  of  the  flame).  This  is  due  to  the 
rise  in  temperature  of  the  source  and,  also  to  the 
higher  consumption  rate  of  the  solution. 

On  the  other  hand,  an  increase  in  oxygen  pressure 
causes  the  radiation  intensity  to  decrease  (after  each 
optimal  value)  because  of  the  cooling  of  the  exciting 
source. 

Sensitivity 

The  influence  of  the  sensitivity  of  the  instrument 
on  the  results,  was  established. 

Figure  5  was  obtained  using  a  lithium  solution 
(10  y/ml),  other  conditions  being  the  same.  Each 
reading  was  taken  against  redistilled  water,  ad  just- 


Table  II.     Effect  of  Oxygen  Pressure  Change. 
Oxyacetylene  Burner,  Acetylene  Pressure:  3  psi 


Oi  pressure, 
psi 


Intensity, 
%T 


5.0 

6.0 

7.0 

8.0 

9.0 

10.0 

12.0 

14.0 

15.0 


15.- 

16.8 

16.5 

15.0 

13.5 

12.5 

8.7 

7.0 

6.0 


ing  the  galvanometer  to  zero  with  the  dark-current 
dial. 

The  convenience  of  working  with  the  sensitivity 
dial  at  the  counterclockwise  limit  when  the  reading 
requires  maximum  sensitivity5*6  is  apparent  from 
Fig.  5. 

However,  when  the  dark  current  is  not  absolutely 
steady,  it  is  advisable  to  move  the  dial  to  positions 
closer  to  the  clockwise  limit. 

Slits 

In  each  case,  the  slits  were  selected  so  as  to  make 
it  possible  to  obtain  the  maximum  sensitivity  com- 
patible with  the  greatest  resolution,  reducing  inter- 
ference and  the  background  effects  to  a  minimum. 
We  preferred  to  increase  the  sensitivity  with  the 
selector  dial  at  0.1  and  the  sensitivity  dial  at  the 
counterclockwise  limit. 

Limits  in  the  Use  of  Photomultipliers 

The  limit  of  use  of  this  attachment7  was  established 
in  order  to  determine  at  which  wavelengths  it  may  be 
used  conveniently  in  conjunction  with  a  phototube 
for  the  red  region  (starting  at  625  m/m). 

Work  was  done  on  solutions  of  different  metals 
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Table  III.     Effect  of   Hydrogen    Pressure   Change. 
Hydrogen-Oxygen  Burner,  Oxygen  Pressure:  15  psi 


7/2  pressure, 
psi 

Intensity, 

%T 

3.0 

0 

4.0 

1.3 

5.0 

4.7 

6.0 

8.5 

7.0 

12.8 

8.0 

17.5 

9.0 

20.2 

to  make  possible  a  study  of  the  spectral  region  in 
which  phototube  No.  157  could  be  used. 

Table  IV  shows  that  the  photomultiplier  may  be 
used  to  advantage  up  to  700  m/i. 

Influence  of  the  Position  of  the  Selector  Dial 
of  the  Photomultiplier 

Table  V  shows  that  it  is  advisable  to  work  with 
the  dial  at  ''full"  to  investigate  the  traces  of  the 
elements,  and  at  the  same  time  the  advantage  of  the 
other  positions  for  higher  concentrations  which 
cause  instability  of  the  galvanometer  needle  and  even 
prevent  the  readings  altogether  since  they  fall  out- 
side the  scale.  A  100  y/ml  calcium  solution  was  used. 

SELECTION   OF   BURNER   FOR   EVALUATION 
OF  MAGNESIUM 

The  data  obtained  with  both  appliances  were  com- 
pared. Table  VI  shows  that  while  the  285  m/x  line  is 
more  clearly  outlined  with  the  hydrogen-oxygen 
burner,  the  sensitivity  at  372  and  383  m/x  is  only 
about  10%  of  that  obtained  with  oxyacetylene.8 

SELECTION  OF  BEST  WAVELENGTH  FOR 
LANTHANUM   EVALUATION 

It  was  mentioned  earlier  that  the  440  m/x  line  is 
more  convenient  than  the  more  sensitive  565  m/x 
line  since  it  suffers  less  from  the  interference  of 
other  elements,  particularly  calcium,  which  makes 


MAGNESIUM 


280 


300 


350    360    370    380    390 


the  lanthanum  readings  at  565  m/x  impossible  (Table 
VII). 

CALIBRATION  CURVES 

The  calibration  curves  for  the  three  elements 
under  study,  conformed  to  the  linear  law  within  the 
concentration  ranges  of  interest.  These  curves  can 
not  be  taken  as  standard,  since  even  small  differences 
in  the  working  conditions  of  the  instruments  lead 
to  different  values.  Therefore,  the  readings  of  the 
sample  and  standard  solutions  should  be  made 
jointly,  adjusting  the  galvanometer  to  zero  with 
redistilled  water,  using  the  dark  current  dial.  It  is 
indicated  that  the  concentration  of  the  sample  and 
standard  solutions  should  be  of  the  same  order  of 
magnitude  (Figs.  6,  7  and  8). 

INTERFERENCES  IN  THE  EVALUATION  OF  LAN- 
THANUM, IRON  AND  MAGNESIUM 

We  determined  the  mutual  interference  between 
lanthanum,  iron,  and  magnesium  on  the  one  hand, 
and  the  alkali  metals,  alkaline  earths,  gallium,  indium, 
and  thallium,  on  the  other. 

These  observations  are  recorded  in  Tables  VIII 
and  IX. 

The  selector  dial  of  the  photomultiplier  was  at 
"full"  and  load  resistance  of  2  (22  megohms)  was 
used  up  to  700  m/x. 

Table  IV.     Limits  of  Use  of  Photomultiplier 


Hlement          Concentr.,     Wavelength,   Phototube  no.  IS7  Photomulliplier 
y/ml  mn  Slit        %  T        Slit        %  T 


Lithium 

10 

671 

0.18 

7.6 

0.05 

98.- 

Strontium 

100 

681 

0.17 

0.9 

0.05 

7.4 

Potassium 

100 

768 

0.05 

7.3 

0.05 

2.4 

Cesium 

100 

852 

0.20 

10.6 

0.20 

1.3 

Barium 

500 

873 

0.40 

1.8 

0.40 

0 

Table  V.     Influence  of  the  Position  of  Selector  Dial 


Selector  dial 
position 

Reading. 
%T 

1 

0.3 

2 

1.5 

3 

7.- 

4 

28.- 

Full 

105.- 

Table  VI.     Influence  of  the  Burner  in  the  Case  of 
Magnesium   Evaluation 


Figure  4 


Oxygen 
pressure. 

Acetylene 
pressure, 

Hydrogen 
Pressure, 

Slit, 

X 

Luminous 
intensity. 

Burner 

psi 

psi 

psi 

mm 

WM 

%T 

Oxyacety- 

10 

3 

.  

0.10 

285 

0.5 

lenc 

10 

3 

— 

0.10 

372 

60.- 

10 

3 

— 

0.10 

383 

57.- 

Oxygen- 

15 

— 

5 

0.10 

285 

5.6 

hydrogen 

15 

— 

5 

0.10 

372 

6.1 

15 

— 

5 

0.10 

383 

5.2 
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30 


20 


10 


5  10 

Turned  to  the  counterclockwise  limit 

Figure  5 

As  a  result,  all  the  elements  except  iron  can  be 
measured  easily,  making  the  necessary  corrections 
for  the  other  elements  the  sample  may  contain.3 

This  applies  to  the  values  of  the  concentrations 
indicated.  Moreover,  large  amounts  of  an  element 
that  does  not  emit  radiation  at  the  optimum  wave- 
length of  another,  may  affect  the  readings  of  the 
latter.9  Strange  mentions  that  magnesium  and  alumi- 
nium lower  the  intensity  of  Li,  and  Servigne  and 
Guerin10  have  proved  that  Al  affects  calcium.  We 
have  observed  that  Al  lowers  the  luminous  intensity 
of  magnesium. 

Iron  cannot  be  measured  in  the  presence  of  mag- 
nesium; calcium,  lanthanum,  and  rubidium  are  also 
interfering  elements.  In  this  case  its  separation  is 
convenient,  extraction  being  made  with  ether  in  6M 
hydrochloric  acid  medium. 

INFLUENCE  OF  CERTAIN  ACIDS 

Since  the  readings  obtained  are  not  independent 
of  the  acids  present  in  the  solution  in  which  the 
lanthanum,  iron,  and  magnesium  are  studied,  it 
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is  necessary  to  determine  the  nature  and  amount 
of  the  acid.11 

Table  X  includes  some  of  the  values  obtained  dur- 
ing the  investigation  of  this  matter. 

PROCESS  USED 
Separation  of  Uranium 

The  sample  (about  10  gm  uranium  content)  is 
converted  to  the  nitrate  and  then  evaporated  almost 
to  dryness.  The  crystals  are  transferred  to  a  sepa- 
ration funnel  and  the  uranium  is  extracted  with  ether 
in  a  nitric  acid  medium  of  about  4M  (2.5  nitric  acid 
in  10  ml  of  solution).  For  this  purpose,  20-25  ml 
ether  fractions  are  added ;  also,  in  order  to  maintain 
acidity,  2  ml  nitric  acid  are  added  before  each  extrac- 
tion. Extractions  are  repeated  until  the  ether  and 
aqueous  phases  are  absolutely  colorless.  If  iron  is 
present,  it  will  color  the  aqueous  phase  in  this  case, 
however,  the  extraction  is  considered  to  be  complete 
when  the  ether  phase  is  colorless.3 

Table  VII.    Selection  of  Wavelength  for  Lanthanum 
Evaluation 


Element 


Concentration 
y/ml 


Luminous  intensity, 
%T 


440  my, 


565  mn 


Lanthanum 

Iron 

Magnesium 

Thallium 

Gallium 

Indium 

Calcium 

Sodium 

Lithium 

Potassium 

Rubidium 

Cesium 

Barium 

Strontium 


1000 

100 

1000 

1000 

100 

10 

1000 

100 

1 

100 

1000 

10 

1000 
100 


43.5 
0.6 
2.4 
0 
0 
0 

7.5 
1.2 
0 

1.5 
5.4 
0 

4.8 
0.6 


105 

10 

4 

1.2 
0 
0 

»100 
2.8 
0 

4.3 
10 
0 
32 
2.8 
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1000  7/ml. 


A  special  separation  funnel  was  designed  to  enable 
the  separation  of  the  ether  phase  to  be  made  without 
a  pipette  (Fig.  9)  ;  the  operation  thus  being  easy  and 
clean.  Before  separating  the  ether  phases,  the  funnel 
is  inverted;  1  or  2  ml  ether  are  added  through  A, 
and  valve  B  is  opened  to  rinse  tube  C  to  avoid  losses 
of  the  aqueous  phase. 

After  extraction  of  the  uranium,  the  aqueous  phase 
is  transferred  to  a  quartz  precipiation  vessel,  rinsing 
the  funnel  and  both  stems. 

The  ether  is  evaporated  by  warming  almost  to 
dryness  and  the  sample  is  then  diluted  to  25  ml, 
and  transferred  to  a  calibrated  beaker. 

Readings  are  taken  at  the  correct  wavelengths  for 
each  element;  the  intensity  values  obtained  (ex- 
pressed in  %  T)  are  compared  with  those  obtained 


10ml. 


\\ 

-<H 

\ 
C 
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A 

\ 

Figure  9 


Table  VIII.     Interferences 


Luminous  intern 

tity.  in 

%  T.  i 

Produced  by 

X, 

MR       Ft        Tl        Ga 
1000      100      1000     100 

Element          y/ml    y/ml    y/ml    y/ml 

La 
1000 

y/ml 

In 
10 

y/ml 

Ca 
1000 

y/ml 

Na 
100 
y/ml 

Li 
2 

y/ml 

ioo 

y/ml 

K 
100 

y/ml 

Rb 
1000 
y/ml 

10 

y/ml 

Ba 
1000 

y/ml 

371 

Magnesium 

50 

0.2 

0 

0 

0 

0 

0.6 

0 

0 

0 

0 

0 

0 

0 

372 

Iron 

22 

1.7 

0.2 

0 

0.6 

0 

1.1 

0.3 

0 

0.2 

0.2 

1.4 

0 

0.1 

377.6 

Thallium 

7.8 

0 

62 

0 

0.2 

0 

0.3 

0 

0 

0 

0 

0.1 

0 

0 

417.2 

Gallium 

0 

0 

0 

3.0 

0.1 

0 

0.5 

0.1 

0 

0 

0.1 

0.4 

0 

0 

440 

Lanthanum 

0.2 

0.8 

0 

0 

15 

0 

2.5 

0.4 

0 

0.2 

0.5 

1.8 

0 

1.6 

451.1 

Indium 

0 

0 

0 

0 

0.5 

0.8 

0.4 

0.1 

0 

0.1 

0.1 

0.6 

0 

0.8 

554 

Calcium 

0 

0 

0 

0 

0 

0 

13 

0 

0 

0 

0 

0 

0 

0 

589 

Sodium 

0 

0 

0 

0 

0 

0 

0.8 

18 

0 

0 

0 

0 

0 

0 

670.8 

Lithium 

0 

0.2 

0 

0 

0 

0 

2.4 

0 

5.7 

1.7 

0 

0 

0 

0.7 

681 

Strontium 

0 

0 

0 

0 

0 

0 

0.8 

0 

0 

5.4 

0 

0 

0 

0.5 

768 

Potassium 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

6 

0 

0 

0 

780 

Rubidium 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

21.0 

0 

0 

852 

Cesium 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0.3 

1.7 

1.5 

873 

Barium 

0 

0 

0 

0 

0 

0 

0.7 

0 

0 

0 

0 

0 

0 

2.7 
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Table  IX.     Interferences 

Table  X.     Influence  of  Acids* 

MK            Fe            La             Sr             Bo 

X 

mfi 

Elements 

Conc.HCl,    Cone.  UNO,, 
ml/ml             ml/ml 

Intensity, 

%T 

A.                                           200            40             200            40             400 
mft              Element             y/ml         y/ml         y/ml         y/ml         y/ml 

372 

Iron  (100  7/ml) 

— 

— 

13 

460.7     Strontium          0            0            0          97            5 

372 

Iron  (100  7/ml) 

0.01 



14 

515        Barium              0.5         1.1          1.4         0.9       26 

372 

Iron  (100  7/ml) 

0.2 

— 

18 

372 

Iron  (100  7/ml) 

0.01 

13 

with  standard  solutions  (read   simultaneously)  and 
corrections  are  made  for  the  interferences.8 

372 

Iron  (100  7/ml) 

— 

0.2 

15.5 

372 

0.2 



0.7 

Separation  of  Iron 

372 

_ 



0.2 

0.7 

If  the  sample  contains  iron,  20  ml  of  the  initial 

solution  are  transferred  to  a  precipitation  vessel  and 

372 

— 

0.8* 

— 

0.4 

evaporated   almost    to   dryness;   0.5    ml    redistilled 

372 

—           — 

— 

0.8* 

0 

hydrochloric    acid    are    added  ;    evaporation    is    re- 
peated and  the  solution  is  transferred  to  the  separa- 

440 

Lanthanum  (200  7/ml) 

— 

12 

tion   funnel   with   5-7  ml  6M  hydrochloric  acid.12 

440 

Lanthanum  (  200  7/ml  ) 

0.01 

— 

12 

Extraction    is    made    with    ether    saturated    with 

440 

Lanthanum  (200  7/111!) 

0.2 

— 

17.5 

hydrochloric   acid.    In   this   form,   the    iron   passes 

440 

Lanthanum  (  200  7/ml  ) 

0.2 

0.7 

quantitatively    to    the    ether    phase    (and    together 

n  *7 

with    it   gallium,    thallium,   and   a   portion   of    the 

440 

__                 — 

0.2 

~ 

0.7 

indium).12*13 

440 

_                 — 

— 

0.2 

1.- 

The  separation  of  the  phases  should  be  done  care- 

440 

_ 

0.8* 



0.3 

fully,  since  they  emulsify  easily.  The  funnel  used  is 

n  ft* 

02 

similar  to  the  one  described  above. 

U.o 

* 

The  ether  phase  is  evaporated,  and  made  up  to 

371 

Magnesium  (400  7/ml) 

— 

— 

22.5 

10  ml  with  redistilled  water.  It  is  used  for  the  study 

371 

Magnesium  (400  7/ml  ) 

0.2 



24 

of  iron  (and  if  so  desired,  of  gallium  and  thallium). 

371 

Magnesium  (400  7/ml) 

__ 

_- 

20 

If  the  iron  content  is  very  high  (it  would  have 

no 

interfered   in   the   previous   readings)    the   aqueous 

371 

' 

u.v 

phase  also  is  evaporated  almost  to  dryness  and  made 

371 

—                 — 

— 

0.2 

0.7 

up  to  10  ml  with  redistilled  water.  Lanthanum  and 

371 

_                 _ 

0.8* 

—  -~. 

0.6 

magnesium  are  studied  in  it   (and,  if  required,  the 

other  elements). 

371 

_  _                 — 

0.8* 

0.4 

Tables  XI  and  XII  contain  the  data  obtained  from 
the  ether  extractions  in  the  nitric  and  hydrochloric 

*  8  ml  of  each  acid  were  evaporated 
dissolved  in  redistilled  water  and  made 

to  almost 
up  to  10 

dryness, 
ml  in  a 

acid  media. 

graduated   beaker. 

Table  XI.      Recovery  of  Lanthanum,  Iron  and 

Manganese  during  Uranium  Extraction  with 

Ether  from  a   Nitric  Acid  Medium 


Table  XII.     Extraction    of    Iron   from    the   Chloride 
Mixture  with  Ether  in  Hydrochloric  Acid  Medium* 


Series 

Element 

A  mount 
added, 
mg/ml 

.•1  mount 
found, 
mg/ml 

1 

Lanthanum 

0.48 

0.46 

Iron 

0.81 

0.81 

2 

Lanthanum 

0.21 

0.21 

Iron 

0.47 

0.49 

Magnesium 

0.20 

0.20 

3 

Lanthanum 

0.20 

0.19 

Magnesium 

0.20 

0.20 

4 

Iron 

0.16 

0.16 

5 

Lanthanum 

0.050 

0.043 

Iron 

0.050 

0.050 

Sample 

Amount 
added, 
mg/ml 

Amount 
found, 
mg/ml 

1 

0.47 

0.50 

2 

0.49 

0.49 

3 

0.49 

0.51 

4 

0.49 

0.49 

5 

0.49 

0.49 

6 

0.49 

0.49 

7 

0.100 

0.100 

8 

0.050 

0.048 

*  The  conditions  of  sensitivity  and  slit  width  depended 
on  the  concentration  of  the  elements  to  be  evaluated. 
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CONCLUSIONS 

A  study  of  the  possibility  of  evaluating  lanthanum, 
iron  and  magnesium  by  flame  spectrophotometry  has 
been  made. 

(a)  The  emission  spectra  of  these  elements  were 
obtained  with  oxyacetylene  and  hydrogen-oxygen 
burners. 

(ft)  The  variables  affecting  the  results  (operating 
conditions  of  the  instrument)  were  studied. 

(c)  The    linear    response    of     the    luminous   in- 
tensities of  the  concentrations  was  checked  within  the 
limits  of  the  concentrations  studied. 

(d)  The  mutual  interferences  of  these  three  ele- 
ments were  determined  as  well  as  the  interferences 
caused   by    alkali   metals,   alkaline   earths,    gallium, 
indium  and  thallium. 

( e)  The  method  used  is  described. 

(/)  The  recovery  of  lanthanum,  iron  and  mag- 
nesium during  the  separation  of  uranium  from  a 
nitric  acid  medium  is  demonstrated. 

Tables  containing  the  experimental  data  obtained 
arc  included. 
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Spectrophotometric  Determination  of  Uranium  with 
Thiocycmate  in  Acetone-Ethyl  Acetate-Water  Medium 

By  Oscar  A.  Nietzel  and  Michael  A.  DeSesa,*  USA 


Prior  to  the  development  of  the  method  presented 
in  this  paper,  uraniferous  liquors  containing  more 
than  5  grams  U3O8  per  liter  were  analyzed  in  this 
laboratory  by  a  conventional  volumetric  method 
based  on  reduction  in  a  lead  reductor  to  uranium 
(IV)  and  oxidimetric  titration  with  cerium (IV) 
using  ferroin  indicator.1  Any  cations  which  could  be 
reduced  in  the  reductor  had  to  be  removed  by  a 
preliminary  cupferron  separation.  Any  organic  ma- 
terial remaining  had  to  be  destroyed  by  fuming  with 
perchloric  acid.  Solutions  containing  no  other  re- 
ducible cations  could  be  reduced  and  titrated  rapidly, 
but  if  nitrate  ion  was  present,  this  also  had  to  be 
destroyed  by  fuming  with  sulfuric  acid.  Thus,  only 
a  limited  number  of  samples  could  be  analyzed  with- 
out a  preliminary  time-consuming  removal  of  inter- 
ferences. 

With  an  increasing  analytical  load,  the  need  for  a 
more  rapid  method  became  apparent.  Spectro- 
photometry  seemed  to  offer  the  best  possibility,  since 
a  survey  of  the  literature  revealed  that  many  spectro- 
photometric  procedures  had  been  proposed  and  used 
for  the  determination  of  uranium.  The  literature  on 
the  analytical  chemistry  of  uranium  has  been  sum- 
marized very  adequately  elsewhere  2-3  and  therefore 
will  not  be  presented  here.  The  method  of  Crou- 
thamel  and  Johnson,4  based  on  the  yellow  uranium 
thiocyanate  complex  in  acetone,  appeared  to  be  as 
sensitive  as  any  other  but  at  the  same  time  seemed 
rapid  and  not  subject  to  many  serious  interferences. 

When  the  thiocyanate-acetone  method  was  tested 
on  solutions  of  uranium  with  no  interfering  cations 
present,  excellent  analyses  were  obtained.  However, 
when  leach  liquors  from  the  ores  commonly  processed 
in  this  laboratory  were  analyzed,  it  became  obvious 
that  a  separation  of  the  uranium  was  necessary  in 
order  to  obtain  accurate  results.  The  cations  which 
have  been  reported4*5'6  to  interfere  to  any  serious 
degree  with  the  thiocyanate  method  in  aqueous  and 
acetone  media  are  Fe(III)f  Mo(V),  Pb(II), 
Ru(III),  Co(II),  Ni(II)  Cr(III),  Hg(II)  and 
Cu(II).  The  tolerable  limits  for  these  cations  were 
not  exceeded  in  the  usual  leach  liquors  which  were 
analyzed  at  this  site.  Further  investigation  revealed 
that  vanadium  and  titanium  are  much  more  serious 
interferences  than  any  one  of  those  previously  re- 


*  National  Lead  Company.  Inc.,  Raw  Materials  Develop- 
ment Laboratory,  Winchester,  Massachusetts. 


ported.  After  this  work  was  initiated,  two  other 
references  7*s  to  the  interference  of  vanadium  were 
noted,  and  Spectrophotometric  methods  have  since 
been  reported  for  the  determination  of  vanadium  and 
titanium  based  on  their  thiocyanate  complexes  in 
an  acetone-water  medium.0  Because  titanium  and 
especially  vanadium  may  be  constituents  of  uranium 
ores,  it  became  necessary  to  devise  a  rapid  means  of 
separating  vanadium  and  titanium  from  uranium 
before  the  thiocyanate-acetone  method  could  be  used. 
The  present  paper  reports  a  Spectrophotometric 
procedure  for  all  solutions,  except  those  containing 
more  than  2  grams  of  vanadium  and  1  gram  of 
titanium  per  liter.  The  method  consists  of  extraction 
of  the  uranium  from  an  aluminum  nitrate  medium 
into  ethyl  acetate  followed  by  color  development  on 
a  portion  of  the  ethyl  acetate  extract  with  a  saturated 
solution  of  ammonium  thiocyanate  in  67%  acetone— 
33%  water.  Also  presented  is  a  special  technique  for 
samples  containing  up  to  5  grams  of  titanium  per 
liter  involving  a  preliminary  precipitation  of  the 
titanium  in  the  extraction  vial  with  />-hydroxy- 
phenylar sonic  acid. 

APPARATUS 

All  quantitative  measurements  were  made  on  the 
Beckman  Model  DU  Spectrophotometer  using 
matched  one  cm.  Corex  cells.  A  brief  study  was 
made  to  determine  if  a  Coleman  Model  14  Universal 
Spectrophotometer  could  be  used  for  routine  analysis, 
but  a  linear  calibration  curve  could  not  be  obtained 
with  this  instrument  except  at  low  concentration 
levels. 

Screw  cap  vials,  4%  in.  long  and  1  in.  in  diameter, 
and  tin  foil  lined  caps,  S.  A.  Ansell  and  Sons,  Inc., 
Boston,  Mass.  The  screw  caps  are  discarded  after  use. 

Automatic  15  and  20  ml  pipets,  E.  Machlett  and 
Sons,  New  York. 

Automatic  shaker,  Eberbach  and  Son  Co.,  Inc., 
Ann  Arbor,  Michigan  which  has  a  special  wooden 
platform  built  on  it  to  hold  about  27  vials  in  a 
horizontal  position. 

REAGENTS 

Stannous  Chloride,  reagent  grade,  Baker  and 
Adamson.  Ten  grams  dissolved  in  10  ml  of  con- 
centrated hydrochloric  acid,  diluted  to  100  ml  and 
filtered  through  No.  42  Whatman  paper. 

Aluminum  nitrate,  reagent  grade,  Fisher  Scientific 
Company. 
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Acetone,  reagent  grade,  Fisher  Scientific  Company. 

Ammonium  thiocyanate,  reagent  grade,  Baker  and 
Adamson.  (Another  manufacturer's  reagent  was  also 
tested  but  it  gave  an  unstable  blank). 

The  color  developing  reagent  consisted  of  69 
grams  of  ammonium  thiocyanate  dissolved  in  66  ml 
of  acetone,  23  ml  of  water  and  10  ml  of  10% 
stannous  chloride  reagent.  The  reagent  should  be 
just  saturated  in  ammonium  thiocyanate  at  room 
temperature.  Since  heat  is  absorbed  during  the  dis- 
solution process,  the  mixture  was  heated  under  the 
hot  water  tap  in  order  to  reach  saturation  rapidly. 
The  reagent  was  prepared  no  more  than  one  hour 
before  use,  but  it  is  stable  for  at  least  three  hours. 

Standard  solutions  were  prepared  from  National 
Bureau  of  Standards  U8O8,  NY-ST,  dissolved  in 
perchloric  acid. 

RECOMMENDED  PROCEDURE 

An  aliquot  of  the  sample  (no  more  than  3  ml) 
containing  0.30  to  15  grams  of  UaOg  per  liter  is 
transferred  into  a  40  ml  screw  cap  vial.  Approxi- 
mately 15  ml  of  saturated  aluminum  nitrate  solution 
are  added,  followed  by  exactly  20  ml  of  ethyl  acetate. 
The  vial  is  capped  and  shaken  for  one  minute.  The 
ethyl  acetate  and  water  layers  are  completely  sepa- 
rated by  centrifugation.  Ten  ml  of  the  ethyl  acetate 
layer  are  pipetted  into  another  vial  and  15  ml  of 
the  thiocyanate  reagent  are  added  to  the  ethyl  acetate. 
The  final  solution  is  mixed  and  the  absorbance  is 
measured  within  15  minutes.  The  blank  is  prepared 
in  the  same  manner  as  the  samples.  The  absorbance 
is  measured  at  375  mp,  (slit  width,  0.16  mm)  or  if  the 
absorbance  is  greater  than  1.0,  the  reading  is  taken  at 
420  mi*  slit  width,  0.060  mm). 

For  samples  which  are  known  to  contain  titanium, 
2  ml  of  a  saturated  solution  of  />-hydroxyphenyl- 
arsonic  acid  are  added  to  the  extraction  vial  and  the 
solutions  are  allowed  to  remain  overnight  before  they 
are  extracted. 

EXPERIMENTAL 
Absorption  Spectra 

The  absorption  spectra  of  uranium,  titanium,  and 
vanadium  in  the  thiocyanate-acetone  medium  are 
presented  in  Fig.  1.  These  solutions  were  developed 
according  to  the  standard  thiocyanate-acetone  pro- 
cedure.4 Crouthamel  and  Johnson  have  reported4  that 
absorbance  measurements  should  not  be  made  below 
375  mp,  because  uranium  and  several  other  ions  fluor- 
esce  in  this  region  of  the  spectrum.  Our  own  experi- 
ence has  been  that  measurements  below  375  mp.  are 
definitely  more  erratic  than  at  longer  wavelengths 
and  very  wide  slit  widths  are  required  to  zero  the 
instrument.  However,  reproducible  calibration  data 
which  obey  Beer's  Law  were  obtained  for  uranium 
at  375  and  420  m/x,  and  presumably  could  be  ob- 
tained at  any  other  wavelength  in  this  region. 

While  there  is  no  apparent  absorption  peak  in  the 
visible  region  of  the  spectrum  for  uranium  in  a 
thiocyanate-acetone  medium,  vanadium  and  titanium 


exhibit  peaks  at  398-400  mp.  and  416-420  mp,  respec- 
tively. The  intensely  yellow  vanadium  thiocyanate 
complex  is  formed  only  in  the  presence  of  a  reducing 
agent  and  was  demonstrated  to  contain  trivalent 
vanadium.  In  the  absence  of  a  reducing  agent, 
tetravalent  vanadium  gives  a  deep  blue  color  with 
thiocyanate  and  pentavalent  vanadium  gives  no  color 
change.  Since  stannous  chloride  is  added  during  the 
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Figure  1.  Absorption  spectra  of  uranium,  vanadium,  and  titanium 
in   thiocyanate  medium 

recommended  procedure  to  reduce  traces  of  iron, 
any  vanadium  also  present  will  be  reduced.  From  the 
spectral  data  presented  in  Fig.  1,  it  is  apparent  that 
both  vanadium  and  titanium  interfere  with  the  deter- 
mination of  uranium. 

Separation  Studies 

The  conventional  cupferrate  extraction  method  for 
purifying  uranium  solutions  involving  preliminary 
oxidation  with  permanganate,  precipitation  of  the 
cupferrate,  extraction  into  chloroform  and  destruc- 
tion of  the  organic  matter  in  the  aqueous  phase  was 
tried  on  mixtures  of  uranium,  iron,  and  vanadium. 
Some  typical  results  are  shown  in  Table  I.  Some 
vanadium  remained  and  was  responsible  for  the  high 
results  in  the  last  four  mixtures.  However,  when 
solutions  containing  vanadium  alone  underwent  the 
cupferrate  extraction,  perfectly  blank  solutions  were 
obtained.  The  failure  to  completely  remove  the  last 
traces  of  vanadium  from  mixtures  of  uranium  and 
vanadium  may  possibly  be  ascribed  to  the  formation 
of  a  uranyl  vanadate  complex. 

The  extraction  of  uranium  from  a  nitrate  medium 
into  ethyl  acetate  was  also  examined  as  a  possible 
means  of  separating  uranium  from  interferences. 
Other  workers4-10  who  used  this  technique  for  sepa- 
ration prior  to  spectrophotometric  analysis  used 
three  extractions  into  ether  followed  by  evaporation 
of  the  organic  phase  over  water  to  recover  the  urani- 
um. It  has  been  our  experience  in  this  laboratory 
that  one  extraction  from  a  mixture  of  one  or  two 
ml  of  sample  and  15  ml  of  saturated  aluminum 
nitrate  into  ethyl  acetate  provides  complete  extrac- 
tion for  uranium  in  determinations  by  a  fluori- 
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Figure  2.  Color  development  as  a  function  of  ammonium 
thiocyanate  concentration  in  the  reagent 

metric  method.  Since  ethyl  acetate  is  miscible  with 
acetone,  the  following  procedure  was  proposed  and 
tested : 

To  an  aliquot  of  no  more  than  two  ml  of  sample 
in  a  40  ml  screw  cap  vial,  15  ml  of  saturated  alumi- 
num nitrate  were  added  followed  by  20  ml  of  ethyl 
acetate.  The  vial  was  shaken  for  one  minute  and 
centrifuged  to  separate  the  phases.  Ten  ml  of  the 
organic  phase  was  transferred  into  another  vial. 
Fifteen  ml  of  a  saturated  ammonium  thiocyanate, 
0.4%  stannous  chloride  solution  in  acetone  was 
added.  The  solution  was  mixed  and  the  color 
measured  against  a  blank  prepared  in  the  same 
manner  as  the  sample.  With  this  procedure  a  linear 
calibration  curve  was  obtained,  and  the  mixtures  of 
uranium,  iron  and  vanadium  previously  mentioned 
were  analyzed  rapidly  and  accurately. 

Color  Development  Reagent 

Two  refinements  involving  the  color  developing 
reagent  were  made.  The  ammonium  thiocyanate  was 
dissolved  in  a  mixed  acetone-water  solvent  to  pre- 
vent a  troublesome  precipitation  of  salts  in  the 
acetone-ethyl  acetate  mixture.  Tests  showed  that  the 
acetone  to  water  ratio  must  be  at  least  two  to  one  for 
the  solution  to  be  miscible  with  ethyl  acetate.  Further 
experimentation  showed  that  the  higher  the  water 
concentration  in  the  reagent,  the  more  ammonium 
thiocyanate  could  be  dissolved.  Therefore  a  mixture 
of  67%  acetone  and  33%  water  was  chosen  as  the 
solvent  for  the  ammonium  thiocyanate  reagent.  As 
indicated  under  the  description  of  reagents,  part  of 
the  aqueous  phase  is  added  as  10%  stannous  chloride 
so  that  in  every  15  ml  aliquot  of  the  color  developing 
reagent  one  ml  of  10%  stannous  chloride  is  present. 

Table  I.     Cupferron  Separation  of  Mixtures 

Taken,  mg 


C7808 

Fe(III) 

V(V) 

0.500 
0.500 
0.500 
0.500 
0.500 
0.500 

1.01 

2.02 

1.01 
2.02 

0.966 
1.93 
0.966 
1.93 

0.498 
0.504 
0.536 
0.666 
0.585 
0.750 

A  study  was  made  to  determine  the  optimum 
thiocyanate  concentration  in  the  67%  acetone-33% 
water  solvent.  In  this  experiment,  10  nil  aliquots  of 
an  ethyl  acetate  solution  containing  0.05  grams  of 
U«O8  per  liter  as  uranyl  nitrate  and  15  ml  of  67% 
acetone-33%  water  solutions  of  various  concentra- 
tions of  ammonium  thiocyanate  were  mixed  and  the 
resulting  color  intensity  determined  against  a  cor- 
responding blank.  The  results  of  this  study  are  shown 
in  Fig.  2.  A  six  molar  solution  of  ammonium  thio- 
cyanate in  67%  acetone-33%  water  solvent  is  a 
saturated  solution,  and  is  the  obvious  choice  as  the 
color  developing  reagent  since  it  yields  the  most 
intense  color  which  is  least  affected  by  small  changes 
in  ammonium  thiocyanate  concentration. 

Optimum  Conditions  for  Extraction 

Using  the  recommended  procedure,  a  study  was 
made  to  determine  how  large  a  volume  of  sample 
could  be  takcMi  before  the  dilution  of  the  aluminum 
nitrate  salting  agent  became  serious  enough  to  cause 
incomplete  extraction.  Negligible  error  was  found  for 
aliquots  up  to  3  ml,  but  analyses  of  4  and  5  ml  ali- 
quots were  low  by  1.0  and  2.4%  respectively.  If  the 
sample  aliquot  was  saturated  with  solid  aluminum 
nitrate,  the  error  on  a  5  ml  aliquot  was  only  0.5%. 
It  is  recommended  that,  if  a  solution  is  so  dilute  that 
an  aliquot  larger  than  three  ml  must  be  taken,  the 
aliquot  itself  be  saturated  with  solid  aluminum  nitrate 
before  the  salting  agent  is  added. 

A  factorial  experiment  was  deigned  to  test  three 
variables,  namely,  acidity  of  the  sample,  volume  of 
the  nitrate  salting  agent  and  composition  of  the 
salting  agent.  Each  factor  was  studied  at  three  levels. 
The  sample  was  made  up  in  IM  sodium  carbonate, 
O.OSAf  nitric  acid  and  l.OM  nitric  acid.  The  volume 
of  the  salting  agent  was  5,  10  and  15  ml.  The  salting 
agents  were  saturated  aluminum  nitrate  with  0,  5  and 
10%  by  volume  of  added  nitric  acid.  The  data  was 
collected  in  nine  sets  of  three  samples  in  each  set 
measured  against  a  blank  prepared  from  the  same 
volume  and  composition  of  salting  agent.  The  data 
are  tabulated  in  Table  II  and  summarized  in  the 
form  of  two-way  tables  in  Table  III.  Duplicates  were 
not  run  because  enough  information  was  available 
without  further  statistical  analysis. 

An  examination  of  the  two-way  tables  leads  to 
certain  conclusions.  For  a  wide  range  of  acidity  in 
the  sample  there  is  less  than  a  2%  range  in  the 
average  absorbance  values.  Therefore,  either  the 
acidity  of  the  sample  is  unimportant  or  the  buffering 
action  of  aluminum  nitrate  neutralizes  excess  acid  or 
base.  Adding  nitric  acid  to  the  nitrate  salting  agent 
apparently  decreases  the  efficiency  of  the  extraction, 
but  this  effect  may  be  due  to  a  dilution  of  the  ethyl 
acetate  phase  by  nitric  acid.  In  any  case,  saturated 
aluminum  nitrate  was  the  choice  as  the  salting  agent. 
Finally,  the  actual  volume  of  salting  agent  need  be 
only  approximately  10-15  ml  since  the  average 
absorbance  values  for  5,  10  and  15  ml  are  almost 
identical. 
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Stability  in  Color 

The  yellow  color  of  the  uranyl  thiocyanate  com- 
plex in  the  ethyl  acetate-acetone-water  medium 
developed  at  once,  was  stable  for  at  least  10  minutes 
and  then  increased  in  intensity  slightly  with  time. 
The  increase  amounted  to  1.4%  in  one-half  hour 
and  3%  in  an  hour. 

Table  II.     Absorbance  Data  for  Factorial 
Experiment  on  Extraction  Variables 


Salting  agent 

O/_    jtlfMf}..  ),. 

Volume  of 

l.oo  gram 

1/aOs  per  liter  made  up  in 

UNOa 

agent,  ml 

1M  NazCO-A 

O.osM  HNOs 

1M  HNOB 

100-0 

5 

0.325 

0.332 

0.338 

100-0 

10 

0.340 

0.345 

0.344 

100-0 

15 

0.342 

0.344 

0.342 

95-5 

5 

0.330 

0.332 

0.333 

95-5 

10 

0.333 

0.336 

0.332 

95-5 

15 

0.326 

0.331 

0.333 

90-10 

5 

0.329 

0.335 

0.335 

90-10 

10 

0.309 

0.337 

0.321 

90-10 

15 

0.340 

0.340 

0.303 

Calibration  Data 

Since  the  method  has  been  put  into  routine 
operation,  a  set  of  standards  has  been  included  with 
each  batch  of  samples.  Thus,  any  changes  in  the 
absorbance  index  due  to  a  change  in  reagents,  cell 
blanks,  operator  technique  or  some  other  factor  could 
be  immediately  detected.  However,  thus  far  the 
absorbance  index  has  remained  essentially  constant. 
For  17  calibrations,  the  average  absorbance  index  at 
375  in/*  varied  between  0.354  to  0.364,  the  overall 
average  was  0.360  and  the  coefficient  of  variation 
was  ±0.72%.  The  absorbance  index  is  in  such  units 
that  one  ml  of  a  1.00  gram  U»Os  per  liter  solution 
put  through  the  recommended  procedure  gives  an 
absorbance  of  0.360. 

Although  slight  changes  are  observed  in  the  ab- 
sorbance index,  the  analysis  of  any  one  sample  is 
reproducible  from  day  to  day.  Therefore,  it  seems 
that  the  slight  variation  in  the  absorbance  index  is 
due  to  minute  differences  in  the  instrument  settings 
which  in  this  instance  are  significant  since  the  ab- 
sorbance measurements  are  made  on  a  steep  portion 
of  the  absorption  curve. 

Interferences 

The  possible  interference  of  carbonate,  phosphate 
and  sulfate  in  the  extraction  was  evaluated,  and  it 
was  found  that  at  least  a  one  molar  concentration  of 
each  ion  may  be  tolerated  with  no  ill  effect. 

The  extent  of  separation  of  uranium  from  the 
various  cations  reported  to  interfere  in  the  thio- 
cyanate method  was  also  determined.  Synthetic  mix- 
tures containing  0.50  mg  U3O8  and  100  nig  each  of 
Co(II),  Cr(III),  Cu(II),  Fe(III),  Hg(ll), 
Mo (VI),  Ni(II)  and  Pb  (II)  in  a  volume  of  three 
ml  were  carried  through  the  standard  procedure. 
Only  Ni(ll)  and  Pb(II)  interfered  causing  posi- 
tive errors  of  2.4%  and  3.0%  respectively.  Since 
such  large  concentrations  of  these  elements  are  un- 


likely, the  present  procedure  is  not  subject  to  the 
interferences  previously  mentioned  in  other  vari- 
ations of  the  determination  of  uranium  as  the  yellow 
thiocyanate  complex. 

When  the  interference  of  vanadium  was  tested  ac- 
cording to  the  same  procedure  as  the  other  elements, 
a  precipitate  of  what  appeared  to  be  V^Os  was  formed 
upon  the  addition  of  the  aluminum  nitrate.  This 
precipitate  occluded  some  of  the  urafiium.  Therefore 
a  more  detailed  study  of  the  possible  interference 
of  vanadium  was  made.  It  was  found  that  up  to  2.0 
mg  of  vanadium(V  or  IV)  in  the  sample  aliquot 
caused  a  maximum  positive  absorbance  error  equiva- 
lent to  only  0.02  mg  of  UaOg.  However,  larger 
amounts  of  vanadium(V)  were  precipitated  in  the 
extraction  vial  and  occlude  uranium.  Larger  amounts 
of  vanadium (IV)  caused  proportionately  increasing 
errors  so  that  above  2  mg  of  vanadium (IV)  each 
mg  in  the  sample  aliquot  was  equivalent  to  0.01 
mg  of  UaO8. 

Titanium  is  partially  extracted  from  aluminum 
nitrate  into  ethyl  acetate  and  forms  a  yellow  orange 
thiocyanate  complex  with  the  color  developing  agent. 
However,  the  interference  of  titanium  can  be  elimi- 
nated by  adding  two  ml  of  a  saturated  solution  of 
/>-hydroxyphenylarsonic  acid  to  the  sample  aliquot 
in  the  extraction  vial  and  allowing  the  titanium  to 
precipitate.  The  leach  liquors  derived  from  certain 
ores  evidently  contained  a  stable  titanium  complex 
for  it  was  found  necessary  to  allow  these  samples  to 
stand  overnight  with  the  precipitating  agent  before 
the  titanium  was  removed  to  such  an  extent  that  it 
no  longer  interfered. 

Results 

In  order  to  test  the  method  as  developed,  about 
50  samples  were  picked  at  random  and  analyzed  by 
the  spectrophotometric  method.  These  samples  had 
been  previously  analyzed  by  fluorimetric  and  macro- 
and  microvolumetric  methods.  The  average  per  cent 
deviation  of  the  spectrophotometric  analysis  from 
the  other  methods  of  analysis  was  as  follows: 
from  macrovolumetric,  ±  1.0%;  from  fluorimetric, 
±1.7%;  from  microvolumetric,  ±2.0%. 

As  an  example  of  the  type  of  accuracy  obtainable 
by  this  method,  the  comparative  analyses  are  shown 
in  Table  IV  on  four  ore  residues  and  three  uranium 
concentrates  submitted  for  umpire  analysis  to  this 
laboratory. 

DISCUSSION 

The  method  reported  in  this  paper  has  replaced 
the  volumetric  method  previously  used  in  this 

Table  III.     Two-Way  Tables  for  Extraction 
Variables 


Sample  type                     1A 

I  NazCOa 

0.06M  HNOs 

iMIWOs 

Average  absorbance 
%  HXO3  in  salting  agent 
Average  absorbance 
Volume  of  salting  agent,  ml 
Average  absorbance 

0.331 
0 
0.339 
5 
0.332 

0.337 
5 
0.332 
10 
0.333 

0.331 
10 
0.328 
15 
0.333 
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Table  IV.     Comparative  Analyses 


Sample 


Spectre- 
Fluorimetric       Volumetric      photometric        Average 


Residue         1 

0.263 

0.262 

0.264 

0.263 

2 

0.254 

0.252 

0.252 

0.253 

3 

0.235 

0.232 

0.238 

0.235 

4 

0.402 

0.404 

0.400 

0.402 

Concentrate  1 

74.1* 

74.2 

2 

72.4* 

73.0 

3 

72.9* 

73.1 

*  Average  of  volumetric  results  obtained  from  two  other 
laboratories. 


laboratory.  Samples  containing  at  least  0.10  gram 
Us  OH  per  liter  may  be  analyzed  rapidly  and  with 
satisfactory  accuracy.  Because  of  the  sensitivity  of 
the  method,  some  of  the  samples  previously  analyzed 
by  a  fluorimetric  procedure  are  now  analyzed  by  the 
spectrophotometric  procedure.  A  team  of  two  men 
can  analyze  about  80  samples  a  day,  and  introduction 
of  the  method  has  resulted  in  a  considerable  increase 
in  the  capacity  of  the  analytical  laboratory. 
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Spectrophotometric  Determination  of  Microquantities  of 
Beryllium  with  p-Nitrobenzene-Azo-Orcinol 


By  J.  L.  Huguet  and  A.  Aguil6,*  Argentina 


PART  I:     PURIFICATION  OF  DYE 

The  determination  of  the  beryllium  content  of 
the  atmosphere  in  the  laboratories  and  plants  which 
work  with  the  metal  and  its  compounds  is  of  the 
utmost  importance,  due  to  its  high  toxicity.3-10'18-22 

In  1950,  the  Atomic  Energy  Commission  of  the 
United  States  recommended  a  maximum  limit  of 
2  y  of  beryllium  per  cubic  meter  of  air  as  an  average 
concentration  for  an  eight  hour  work  day. 

The  estimation  of  such  small  quantities  can  be 
carried  out  by  colorimetric  methods,1* 2,5,7,24,29.31 
fluorimetry8'12'10'34  and  spectrography.0'20'21-26 

Among  the  colorimetric  reagents,  we  selected  p- 
nitrobenzene-azo-orcinol  because  of  its  specificity 
and  high  sensitivity,  which  is  0.005  per  cm2  for  an 
optical  density  of  0.00 1.23 

This  compound  was  synthetized  and  used  for  the 
first  time  in  the  identification  of  beryllium  in  the 
year  1934. 15  Thereafter,  it  was  used  for  the  investi- 
gation18*14 and  photometric  determination19*28  of 
beryllium  in  minerals  and  alloys.  The  determination 
was  made  adding  the  dyestuff,  dissolved  in  0.10AT, 
sodium  hydroxide,  to  a  solution  of  beryllium  in  a 
buffer  solution  made  up  of  sodium  hydroxide  and 
boric  acid,  and  then  measuring  the  optical  density 
of  the  solution,  with  respect  to  a  suitable  blank,  at 
a  wavelength  of  approximately  514  m/x. 

While  using  the  method,  it  was  found  that  the 
slope  of  the  calibration  curve  changed  from  one 
batch  of  dyestuff  to  the  next.  This  was  due  to  the 
fact  that  the  reagent  was  not  pure,  and  that,  under 
normal  colorimetric  conditions,  an  excess  of  coloring 
matter  is  not  sufficient  to  reach  the  range  in  which 
the  optical  density  becomes  independent  of  it.  By 
working  in  this  region,  the  blank  extinction  would 
be  very  high.  It  was  found  that  the  purity  of  the 
dyes  used  was  31%  and  60%  respectively,  and  that  a 
fraction  of  the  impurities  was  not  soluble  in  a  O.ION 
solution  of  sodium  hydroxide. 

The  fraction  of  the  dyestuff  soluble  in  this  medium 
was  then  isolated.  Starting  from  this  fraction,  the 
purity  of  which  was  approximately  70%,  the  pure  dye 
could  be  obtained  by  recrystallization  from  methyl 
alcohol. 


Original  language:  Spanish. 

*  Comisi6n  Nacional  de  la  Energia  Atomica. 


The  purity  criteria  were  provided  by  chromatog- 
raphy  on  alumina  and  spectrophotometry  of  the  com- 
plex formed  with  beryllium. 

Experimental   Part 
Equipment  and  Reagents 

Spectrophotometer :  all  Spectrophotometric  deter- 
minations were  made  with  a  Unicam  S.P.  500  spec- 
trophotometer. 

Alumina:  in  the  chromatographic  tests,  Merck 
alumina  was  used  for  the  quantitative  adsorption 
analysis  according  to  the  Wislicenus  method,  and, 
also  the  Merck  product  for  the  adsorption  analysis 
according  to  Brockmann. 

Solvents :  all  the  solvents  used  for  chromatography 
and  crystallization  were  purified  by  conventional 
techniques.32 

/>-nitrobenzene-azo-orcinol :  B.D.H.  "spot  test 
reagent/'  and  Hopkins  and  Williams  "organic  re- 
agent for  metals." 

Standard  solution  of  beryllium  I  (400  y  of  beryl- 
lium per  ml)  :  1.108  gm  of  spectrographically  pure 
beryllium  oxide,  previously  heated  to  constant  weight 
at  1000° C,  then  transferred  to  a  leacher,  5  ml  of  sul- 
furic  acid  pa  (8  =  1.84)  is  added,  and  the  whole 
is  heated  on  a  sand  bath  until  complete  elimination 
of  the  excess  acid.  This  is  allowed  to  cool  off,  100  ml 
of  distilled  water  and  5  ml  of  sulfuric  acid  pa  (8  = 
1.84)  are  added,  the  whole  is  heated  until  total  dis- 
solution, and  made  up  to  one  liter  with  distilled 
water. 

Standard  solution  of  beryllium  II  ( 100  y  of  beryl- 
lium per  ml) :  0.277  gm  of  beryllium  oxide  are 
treated  in  the  same  manner  as  just  described. 

Standard  solution  of  beryllium  III  (10  y  of  beryl- 
lium per  ml)  :  prepared  when  and  as  needed  by  dilu- 
tion of  the  solution  mentioned  above. 

Explanations 

All  the  dyestuff  solutions  used  for  the  Spectro- 
photometric determinations,  except  in  the  cases  in 
which  the  method  of  preparation  is  indicated,  were 
obtained  by  stirring  the  finely  ground  dye  in  the 
O.lOAf  sodium  hydroxide  for  three  hours,  bringing 
it  up  to  volume  with  O.ION  sodium  hydroxide,  and 
then  filtering  on  a  Btichner  funnel  (with  two  filter 
papers,  one  SS  589s  and  the  other  Whatman  54). 
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0.5  i  1.5  2  2.5  mg  of  dye  in  25  ml 

Figure  1.  Influence  of  the  amount  of  the  reagent  on  the  color imetry 
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Figure  2.  Extraction  of  the  dye  with  0.1  N  NaOH.  Curve  I: 

beryllium  complex  with  respect  to  the  blank.   Curve  II: 

dye,  with   respect  to  water 

The  pure  dyestuff  fractions  "soluble  in  sodium 
hydroxide/'  were  dissolved  in  0.1(W  sodium  hy- 
droxide and  the  volume  was  made  up  with  the  same 
solution. 

When  the  weight  of  "crude"  dye  used  in  the 
spectrophotometric  determinations  is  given,  this 
refers  to  the  quantity  which  one  would  have  in  the 
same  number  of  milliliters  of  solution  added,  if  the 
dyestuff  were  totally  soluble. 

In  all  these  determinations,  the  order  in  which 
the  reagents  were  added  was :  ( 1 )  sodium  hydroxide 


0.4        0.6        0.8          i 

mg  of  beryllium  in  25  ml 

Figure  3a.  Curve  I:  1   mg  of  dye  in  25  ml.    Curve  II: 
0.5  mg  of  dye  in   25  ml 


27V;  (2)  standard  beryllium  solution;  (3)  boric  acid 
0.64M;  (4)  dye  solution;  (5)  water,  to  make  up 
final  volume. 

The  sodium  hydroxide  indicated  includes  that 
which  is  added  to  the  dye  solution  and  to  the  solu- 
tions to  which  a  standard  solution  of  beryllium  was 
added  including  the  amount  of  sodium  hydroxide 
required  to  neutralize  the  sulfuric  acid  present  in 
the  solution. 

Influence  of  Reagent  Concentration  on  Results  of 
Spectrophotometry 

Solutions  having  a  final  volume  of  25  ml,  and 
which  contained  3  ml  of  2N  sodium  hydroxide,  5  ml 
of  0.64M  of  boric  acid,  1.00  or  2.00  ml  of  the  stan- 
dard solution  of  beryllium  sulfate  ( 10  y  of  Be  per  ml) 
were  prepared,  as  well  as  variable  quantities  of  a 
solution  of  B.D.H.  (0.25  mg  per  ml)  dyestuff. 

The  optical  density  of  the  above  mentioned  solu- 
tions was  determined  at  a  wavelength  of  525  m/m, 
in  2  cm  cells,  with  respect  to  blanks  identical  to  those 
used  for  the  solutions,  but  without  beryllium. 

The  results  arc  shown  in  Fig.  1. 

Sodium  Hydroxide  Soluble  Fraction  Extraction 

One  gm  of  Hopkins  and  Williams  dyestuff,  finely 
ground,  was  transferred  to  a  2-1  vessel,  1  1  of  O.lOAf 
sodium  hydroxide  solution  was  added,  and  contin- 
uous stirring  was  kept  up.  Every  10  minutes,  20-ml 
samples  were  taken  out  and  filtered.  From  the  fil- 
trates, 10.0  nil  were  taken  and  diluted  to  50.0  ml 
with  O.lOAf  sodium  hydroxide. 

Determinations  were  made  of  the  optical  density 
of  the  beryllium  complex  with  respect  to  the  blanks, 
as  well  as  of  that  of  the  blanks  with  respect  to  water, 
in  1-cm  cells,  at  a  wavelength  of  514  m/x.  The  solu- 
tions contained,  in  a  final  volume  of  25  ml,  3.00  ml 
of  2N  sodium  hydroxide,  5.0  ml  of  0.64  Af  boric 
acid,  2.5  ml  of  standard  beryllium  solution  (400  y 
of  beryllium  per  ml),  and  3.75  ml  of  the  dyestuff 
solutions  prepared  earlier. 

The  results  shown  of  Fig.  2  indicate  that  the 
beryllium-sensitive  fraction  is  totally  dissolved  at 


o.l       0.2      0.3      0.4       0.5      0.6      0.7      0.8       0.0 

mg  of  dye  in  25  ml 

Figure  3b.  Estimation  of  the  dye.    Selection  of  the  beryllium 
concentration 
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the  end  of  thirty  minutes,  and  that  longer  stirring 
merely  increases  the  amount  of  impurities  extracted, 
as  shown  by  the  values  obtained  for  the  blanks. 

Preparation 

The  finely  ground  dyestuff  was  placed  in  a  vessel 
and  0.017V  sodium  hydroxide  added.  Stirring  was 
kept  up  for  thirty  minutes,  and  filtration  then  took 
place  on  double  filter  paper,  one  SS  S893  and  another 
Whatman  No.  54.  The  filtrate  was  neutralized  with 
]N  hydrochloric  acid  and  an  excess  of  2  ml  added. 

The  dye  precipitated  in  the  form  of  reddish  flakes 
which  were  filtered,  on  a  Jena  25  G.4  plate  or  Buch- 
ner  funnel,  using  SS  589a  paper.  The  mother  liquor 
was  slightly  yellowish,  and  this  was  not  appreciably 
intensified  by  the  presence  of  an  alkali,  showing  that 
precipitation  was  nearly  complete. 

The  precipitate  was  washed  three  times  with  dis- 
tilled water  and  the  plate  or  paper  was  placed  in  a 
stove  at  80°  C.  After  one  hour  approximately,  the 
precipitate  could  readily  be  taken  off  and  partly 
ground  and  put  in  an  oven  held  at  80°C  until  its 
weight  was  constant.  The  percentage  of  solubles  thus 
obtained  (without  allowing  for  mechanical  losses) 
varied  from  33%  to  35%  for  Hopkins  and  Williams 
and  70%  to  83%  for  B.D.ll.  material. 

Purity  Criteria 

The  preliminary  experiments  carried  out  showed 
that  the  "soluble  in  sodium  hydroxide"  fraction  could 
be  separated  into  two  parts  using  an  activated  cel- 
lulose column. 

Only  one  of  these  two  fractions  is  sensitive  to 
beryllium,  and  it  was  shown  that  it  also  could  be 
separated  by  adsorption  on  activated  alumina4* ;to 
which  ruled  out  paper  chromatography  as  a  criterion 
of  purity. 

The  chromatograms  obtained  on  the  alumina  col- 
umn according  to  Wislicenus,  and  on  plain  alumina 
according  to  Brockman,  revealed  four  perfectly  dif- 
ferentiated bands,  which  we  call  A,  B,  Cf  D  starting 
from  the  base  of  the  column. 

Of  the  two  alumina  samples  tested,  we  preferred 
the  first  since  the  fraction  sensitive  to  beryllium 
shows  a  disturbing  double-band  effect  in  the 
other,25-  ~7  and  is  affected  by  the  alkalinity  of  this 
type  of  alumina. 

Tn  these  experiments,  use  was  made  of  columns 
1.5  cm  in  diameter  and  30  cm  in  height.  The  alumina 
was  added,  in  suspension  in  a  mixture  made  up  of 
equal  parts  of  acetone  and  benzene,  in  portions  of 
0.5  grams,  each  one  of  which  was  compacted  with 
the  help  of  slight  air  pressure:  the  height  of  the 
alumina  was  15  cm.  Each  chromatogram  was  devel- 
oped with  25  mg  of  a  dyestuff  dissolved  in  10  ml 
of  a  mixture  of  acetone  and  benzene  in  the  propor- 
tions mentioned  before,  and  development  was  com- 
pleted with  10  ml  in  a  mixture  of  acetone  and  nieth- 
anol  in  equal  fractions. 

The  incorporation  of  the  dye  and  its  subsequent 
development  were  carried  out  with  the  help  of  a 
slight  air  pressure.  Samples  of  the  B.D.I  I.  and 
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Figure  4.  Estimation   of  dye.    Calibration  curve  for  pure  dye 


Hopkins  and  Williams  dyes  were  analyzed,  and  the 
fractions  also  made  up  of  "soluble  in  sodium  hy- 
droxide" materials. 

The  A,  B,  C,  D  bands,  show  up  in  all  the  samples 
tested,  both  in  the  presence  of  air  and  in  a  nitrogen 
atmosphere. 

It  will  be  observed  that  band  D  is  wider  in  the 
Hopkins  and  Williams  dye,  while  A  and  C  are 


Figure  5.  Adsorption  of  the  "sodium  hydroxide  soluble"  fraction 
of  the  Hopkins  and  Williams  dye.  I  and  III:  Incorporated  in  acetone 
and  benzene  50%  solution;  II  and  IV:  developed  with  50% 
acetone  methanol  solution.  Adsorbent:  alumina.  I  and  II,  according 
to  Brockman;  HI  and  IV,  according  to  Wislicenus 
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wider  in  the  B.D.H.  The  same  relationship  was 
observed  in  the  corresponding  "sodium  hydroxide 
soluble"  fraction. 

In  Fig.  5,  can  be  seen  the  chromatograms  devel- 
oped with  25  mg  of  the  sodium  hydroxide  soluble 
fraction  of  the  Hopkins  and  Williams  dyestuff  and 
alumina  according  to  the  Brockman  method  (I  and 
II),  and  on  alumina  according  to  the  Wislicenus 
technique  (III  and  IV). 

I  and  III  show  the  appearance  of  the  column 
immediately  after  the  incorporation  of  the  dye,  and 
II  and  IV  show  it  immediately  after  development. 

The  fractions  corresponding  to  the  A,  B,  and  C 
bands  were  obtained  by  vacuum  drying  of  the  eluates. 

In  order  to  obtain  fraction  D,  we  separated  the 
alumina  occupied  by  this  band.  This  alumina  was 
agitated  with  20  ml  of  0.1CW  sodium  hydroxide,  it 
was  filtered  and  the  filtrate  was  neutralized  with  N 
hydrochloric  acid,  after  which  the  precipitate  ob- 
tained was  centrifuged,  washed  and  dried  under 
vacuum,  at  70°  C. 

With  the  four  resulting  fractions,  a  test  was  made 
on  sensitivity  to  beryllium  under  the  conditions  set 
by  the  colorimetric  method,  using  1  mg  of  Be. 

Only  fraction  C  was  sensitive,  and  when  the  chro- 
matogram  was  developed  with  it,  under  the  condi- 
tions mentioned  above,  a  single  band  was  obtained, 
looking  and  behaving  just  like  the  original  C  band. 

Fraction  A  is  completely  insoluble  in  Q.WN  sodi- 
um hydroxide,  despite  which  it  goes  with  the  "solu- 
ble" dye  in  this  medium  ( from  which  it  was  ob- 
tained) and  its  solutions  in  sodium  hydroxide,  which 


was  verified  by  extracting  it  from  them  with  ben- 
zene. This  is  probably  due  to  its  property  of  form- 
ing very  fine  suspensions,  which  are  difficult  to  filter. 

In  keeping  with  the  experiments  mentioned  above, 
it  can  be  deduced  that  column  chromatography  with 
activated  alumina  as  an  adsorbent,  can  be  used  as 
a  criterion  of  purity.  On  the  other  hand,  purity  is 
not  adequate  as  a  method  of  preparation  of  pure 
dye,  since  the  beryllium-sensitive  fraction  is  very 
strongly  absorbed,  and  the  quantities  recovered  are 
very  small,  but  it  can  be  used  to  eliminate  the  D 
fraction  at  an  intermediate  stage  of  purification. 

Some  of  the  fractions  not  sensitive  to  beryllium 
are  formed  from  more  than  one  substance,  but  their 
separation  was  of  no  interest  for  this  work. 

Spectrophotometry 

Four  series  of  four  solutions  were  prepared.  The 
solutions,  in  each  series,  contained  in  a  final  volume 
of  25.0  ml,  3.0  ml  2N  NaOH,  5  ml  of  0.64M  H3BO3 
and  variable  quantities  of  Hopkins  and  Williams 
reagent  (0.25,  0.50,  0.75  and  1.00  mg).  Each  series 
contained,  respectively  0.100,  0.200  and  0.500  mg  of 
beryllium. 

The  optical  density  of  the  solutions  with  respect 
to  identical  blanks  without  beryllium  was  read  in 
1  cm  cells,  at  a  wavelength  of  514  m/x. 

The  dye  was  added  in  a  solution  containing  0.25 
mg  per  ml.  In  the  series  containing  0.100,  0.20  and 
0.50  rng  of  beryllium  it  was  added  in  a  solution  of 
100  y  per  ml,  and  in  the  series  containing  1.00  mg, 
in  a  solution  of  400  y  per  ml. 


Table  I.     Spectrophotometric  Determination  of  the  Purity  of  Various  Dyes 


Dye 


Mg  of  dye 

Concentration     Volume     in  volume    Optical 
(tnff/ml)      taken,  (ml)     taken        density* 


Optical  Optical 
density  density 
(mean)  (0.50  mg) 


Hopkins  and  Williams,  original 
Hopkins  and  Williams,  original 
B.D.H.,  original 
B.D.H.,  original 
Hopkins  and  Williams,  soluble  1 
Hppkins  and  Williams,  soluble  2 
B.D.H.,  soluble  1 
B.D.H,  soluble  2 


0.25 

0.25 

0.11 

0.11 

0.09 

0.09 

0.065 

0.065 


3.00 
3.00 
4.00 
4.00 
4.00 
4.00 
4.00 
4.00 


0.75 

0.75 
0.44 
0.44 
0.36 
0.36 
0.26 
0.26 


0.515 
0.530 
0.525 
0.540 
0.544 
0.532 
0.597 
0.600 
0.605 
0.595 
0.597 
0.600 
0.621 
0.618 
0.630 
0.627 
0.622 
0.630 
0.390 
0.389 
0.391 
0429 
0.429 
0.4^2 


0.523 
0.539 
0.601 
0.597 
0.623 
0.626 
0.390 
0.430 


0.349 
0.359 
0.683 
0.679 
0.865 
0.869 
0.750 
0.827 


*  The  optical  densities  of  column   5  were      of  each  dye ;  each  one  is  the  average  of  the 
determined  by  taking  aliquots  of  the  solution      three  Spectrophotometric  readings. 
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Table  II.     Approximate  Solubility  of  the  Dye 


Time,        Approximate       Optical 
minutes     temperature,  °C  density 


mg  dye      Concentration, 
mg/ml 


10 

20 

0,22 

0.10 

1.0 

30 

20 

0.22 

0.10 

1.0 

10 

65 

1.14 

0.50 

5.0 

30 

65 

1.10 

0.48 

4.8 

It  was  proved  that,  with  quantities  of  beryllium 
greater  than  200  y  in  25.0  ml,  the  optical  density  of 
the  complex  formed  with  the  dye  is  a  linear  func- 
tion of  the  concentration  of  the  latter  and  that,  when 
the  quantities  are  of  the  order  of  1.00  mg  in  25  ml, 
the  optical  density  of  the  complex  is  nearly  inde- 
pendent of  the  beryllium  concentration. 

Under  these  conditions,  the  spectrophotometric 
complex  can  be  used  as  a  quantitative  criterion  for 
the  comparison  of  the  various  dye  purities. 

Two  solutions  in  O.lOAf  sodium  hydroxide  were 
prepared,  and  each  of  the  initial  dyes  and  two  of 
each  of  the  relevant  "sodium  hydroxide''  solubles. 
The  latter  were  obtained  from  solubles  prepared 
independently. 

Three  equal  fractions  were  taken  from  each  of  the 
solutions,  and  a  spectrophotometric  determination 
was  made,  under  conditions  similar  to  those  noted 
before,  with  1  nig  of  beryllium. 

The  results  are  given  on  Table  I. 

From  the  optical  densities  referred  to  0.50  mg  of 
dyes  (column  6,  Table  I),  the  following  deductions 
can  be  made: 

(a)  The  active  principle  content  of  the  B.D.H. 
dye  is  approximately  twice  that  of  the  Hopkins  and 
Williams  material. 

(b)  The  substances  soluble  in  sodium  hydroxide 
are  purer  than  the  dyes,  particularly  in  the  Hopkins 
and  Williams  compound,  in  which  the  "sodium  hy- 
droxide"  soluble  portion  contains   2.4  times  more 
active  principle  than  the  original  dye. 

(r)  The  reproducibility  of  the  "sodium  hydrox- 
ide" soluble  products  is  greater  in  the  Hopkins  and 
Williams  dye  than  in  the  B.D.H.  material  due  to 
the  fact  that,  in  the  latter,  the  insoluble  substances 
form  suspensions  which  are  difficult  to  filter  out 
and  mar  its  purity  to  variable  extents. 

The  latter  is  confirmed  by  the  fact  that  the  soluble 
fraction  of  B.D.H.  dye  showed,  in  the  chromato- 
grams,  a  greater  proportion  of  insolubles  in  0.107V 
sodium  hydroxide  A  fraction. 

Crystallization 

The  following  solvents  were  tested :  acetone,  ben- 
zene, petroleum  ether  and  methyl  alcohol,  the  latter 
having  been  adopted  for  reasons  of  solubility  and 
ease  of  crystallization. 

Crystallization  from  the  original  dyes  was  tried, 
as  well  as  for  the  relevant  "sodium  hydroxide  solu- 
ble" fractions,  which  showed  that  it  is  very  difficult 
to  obtain  crystals  with  the  former. 

With  the  solvent  selected,  and  starting  from  the 
"sodium  hydroxide  soluble"  fraction  of  the  B.D.H. 
dye,  we  obtained  250  mg  of  crystals,  with  which  a 


Figure  60.  Crystals  of  p-nitrobenzene-azo-orcmol.  Slow  cooling  of 
a  saturated  solution  at  65  °C  in  methyl  alcohol   (150X) 

calibration  curve  was  drawn.  This  curve  made  it 
possible  to  determine  the  purity  of  the  dyes,  to 
determine  the  approximate  solubility  of  the  crystals, 
and  to  follow  quantitatively  the  crystallizations. 

Approximate  Solubility  of  the  Crystals 

ISO  mg  of  crystals  were  placed  in  a  50-ml  Erlen- 
meyer  flask,  20  ml  of  methyl  alcohol  were  added, 
a  reflux  condenser  was  fitted,  and  the  solution  was 
stirred  by  means  of  a  magnetic  agitator.  Two  sam- 
ples of  0.10  ml  were  taken,  one  after  10  and  the 
other  after  30  minutes  of  agitation,  by  means  of  a 
pipette  with  SS  5893  filter  paper. 


Figure  6b.  Crystals  of  p-nitrobenzene-azo  orcinol.  Sudden  cooling 
of  a  saturated  solution  at  65  °C,  in  methyl  alcohol  (300  X) 
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The  optical  density  of  the  complex  formed  with 
beryllium  by  using  1  mg  of  beryllium  and  the  dye 
sample  taken  was  determined. 

The  operation  was  repeated  by  keeping  the  solu- 
tion at  the  boiling  point.  The  data  will  be  found  in 
Table  II. 

Crystallization  of  the  B.D.H.  Dye 

400  mg  of  "sodium  hydroxide  soluble"  B.D.H. 
dye,  the  purity  of  which  was  approximately  75%, 
were  placed  in  a  100  ml  Erlenmeyer  flask.  To  this, 
55  ml  of  methyl  alcohol  were  added,  a  reflux  con- 
denser fitted,  and  the  solution  was  brought  to  the 
boil  while  being  stirred,  and  boiled  for  ten  minutes. 
Filtration  was  carried  out  through  a  double  thickness 
of  SS  5893  paper,  and  the  solution  was  then  gradu- 
ally cooled  to  a  temperature  of  —  20°C,  in  a  bath  of 
methyl  alcohol  and  dry  ice.  It  was  then  taken  out 
of  the  bath,  keeping  up  the  stirring  until  0°C.  The 
crystals  obtained  were  centrifuged,  and  a  sample  of 
0.10  ml  of  the  mother  liquor  was  used  to  determine 
the  concentration  of  the  active  principle.  This  was 
found  to  be  1.2  mg  per  ml.  The  yield  of  crystalliza- 
tion was  thus  approximately  70%. 

The  crystals  obtained  were  recrystallized  from 
40  ml  of  methyl  alcohol,  following  the  technique 
mentioned  above.  The  concentration  in  the  mother 
liquor  of  the  active  principle  was  1.1  mg  per  ml, 
and  the  crystallization  yield  was  80%. 

The  crystals  were  dried  in  a  vacuum  giving  a 
final  weight  of  140  mg. 

Crystallization  of  Hopkins  and  Williams  Dye 

As  with  the  fraction  of  dye  soluble  in  sodium  hy- 
droxide in  the  case  of  the  Hopkins  and  Williams  mate- 


rial having  a  purity  of  approximately  75%,  it  was 
impossible  to  obtain  crystals  directly  due  to  the 
tendency  of  the  dye  to  precipitate  in  an  amorphous 
form  and  to  give  supersaturated  solutions. 

This  drawback  was  obviated  by  the  absorption  of 
some  impurities  (fraction  D)  in  activated  alumina 
before  crystallization.  To  this  end,  400  mg  of  the 
sodium  hydroxide  soluble  fraction  of  the  Hopkins 
and  Williams  dye  were  dissolved  in  30  ml  of  acetone, 
and  the  solution  was  passed  through  a  column  1.5 
by  30  cm,  which  contained  3  gm  of  alumina  acti- 
vated according  to  the  Wislicenus  method.  The  solu- 
tion was  vacuum  dried  and  from  the  fraction  thus 
obtained,  the  dye  was  crystallized  in  the  form  men- 
tioned above.  This  gave  135  mg  of  crystals. 

The  crystals  obtained  by  this  last  technique  were 
chromatographically  pure,  while  those  obtained  by 
direct  crystallization,  starting  from  the  sodium  hy- 
droxide soluble  fractions  of  the  B.D.H.  dye  still 
contained  small  amounts  of  fraction  D.  However, 
the  impurities  must  be  in  a  proportion  of  less  than 
2%,  since  both  crystals  gave  the  same  results  on 
being  analyzed  by  the  spectrophotometric  method. 

The  crystals  obtained  by  progressively  cooling  the 
solution  are  to  be  seen  on  Fig.  6a,  and  Fig.  6b  shows 
those  given  by  sudden  cooling,  which  are  clearer  and 
of  a  lower  apparent  density, 

Dosage  of  the  Dye 

An  amount  of  50.0  mg  of  the  crystals  obtained 
from  the  "soluble"  fraction  of  the  B.D.H.  dye  was 
dissolved  in  500  ml  of  Q.WN  sodium  hydroxide. 

A  series  of  solutions  containing  in  a  final  volume 
of  25.0  ml,  3.0  ml  of  2N  sodium  hydroxide,  2.50  ml 
of  beryllium  (400  y/ml),  5.0  ml  of  0.64A/  boric  acid 


Table   III.     Estimation   of   the   Dye 


Dye 

mg  in  the 
volume  taken 

Optical 
density 

Active  print  iplf 
per  mg  from  calih. 
curve 

A  dive 
principle, 

% 

Hopkins  and  Williams, 
original 

0.75 

0.523 

0.230 

31 

Hopkins  and  Williams, 
original 

0.75 

0.539 

0.237 

32 

B.D.H., 

0.44 

0.601 

0.265 

60 

original 

B.D.H., 
original 

0.44 

0.597 

0.263 

60 

Hopkins  and  Williams, 
soluble  1 

0.36 

0.623 

0.275 

76 

Hopkins  and  Williams, 
soluble  2 

0.36 

0.626 

0.274 

76 

B.D.H., 

0.26 

0.390 

0.175 

67 

soluble  1 

B.D.H., 
soluble  2 

0.26 

0.430 

0.190 

73 

Hopkins  and  Williams, 
crystals 

0.26 

0.589* 
0.590* 
0.591* 

0.260 

100 

*  These   optical   densities   were  determined      each  one  is  an  average  of  three  spectrophoto- 
taking  various  aliquots  of  the  dye  stuff  solution ;      metric  readings. 
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solution,  and  variable  quantities  of  the  dye,  was 
prepared.  The  optical  density  with  respect  to  blanks 
equal  to  the  solutions  mentioned  above,  but  without 
beryllium,  was  measured  in  1-cm  cells  at  a  wave- 
length of  514  m/A.  From  the  values  obtained  in  this 
way,  a  calibration  curve  was  drawn  (Fig.  4).  Pre- 
cisely the  same  method  was  used  with  the  crystals 
obtained  from  the  Hopkins  and  Williams  dye  with 
2.60  ml  of  the  dye  (0.26  mg). 

From  the  values  obtained,  the  averages  taken  from 
Table  T,  and  the  calibration  curve,  a  calculation  was 
made  of  the  percentage  of  active  principle  in  the 
original  dyes  and  "those  derived  from  them.  The 
results  are  given  in  Table  TTI. 

Conclusions 

The  commercial  reagents  are  impure  since,  in  two 
that  were  tested,  contents  of  31%  and  60%  of  the 
dye  were  found,  and  the  impurities  are  not  sensitive 
to  beryllium. 

In  the  spectrophotometric  determination  of  this 
element,  the  optical  density  of  the  complex  formed 
is  a  function  of  the  concentration  of  the  dye,  even 
when  the  latter  is  found  in  the  maximum  quantity 
compatible  with  the  experimental  conditions. 

Pure  dye  can  be  obtained  from  the  "soluble  in 
sodium  hydroxide"  fraction  of  these  reagents  by 
crystallization  from  methyl  alcohol  following  adsorp- 
tion of  some  impurities  with  activated  alumina. 

Chromatography  on  alumina  and  spectrophoto- 
metry  of  the  complex  formed  with  beryllium  can  be 
used  as  criteria  of  purity. 

PART  Ih     SPECTROPHOTOMETRIC  DETERMINATION 
OF  BERYLLIUM 

Operating  conditions  for  the  colorimetric  meth- 
od have  been  studied  by  Stross  and  Osborn,28  but 
some  variables  were  not  definitely  fixed. 

The  reagent  concentration  recommended  by  these 
authors  is  6  ml  of  a  solution  with  0.025%  total 
coloring  matter  in  a  final  volume  of  25  ml.  This 
does  not  accurately  define  the  concentration,  how- 
ever, since  this  relates  to  unpurified  reagent,  with 
a  very  variable  degree  of  purity,  as  was  shown  in 
the  first  part  of  this  publication. 

These  authors  also  studied  the  effect  of  the  pll. 
We  have  adopted  the  buffer  system  they  recommend, 
but  we  have  changed  the  sodium  hydroxide  con- 
centration, and  chosen  such  a  buffer  concentration 
that  the  final  solution  is  0.180W  in  sodium  hydroxide 
and  0.1 28M  in  boric  acid. 

The  work  of  Stross  and  Osborn  was  done  with 
a  photocolorimeter,  and  hence  the  wavelength  was 
not  perfectly  defined,  although  the  absorption  maxi- 
mum of  the  filters  used  is  at  525  m/K.  Sandell23  rec- 
ommends 525  m/A  and  Vinci25  515  m/*.  We  have  not 
found  spectrophotometric  curves  in  the  literature 
which  justify  this  choice;  but  upon  studying  the 
various  variables,  we  established  the  optimum  wave- 
length as  535  m/x. 

The  complex  formed  is  highly  dissociated,  and 
hence,  in  our  study  of  the  concentration  of  coloring 


matter  we  have  expressed  the  results  as  functions 
of  the  coloring-matter/beryllium  ratios,  so  that  they 
might  be  generalized  to  apply  to  other  operating 
conditions.  In  this,  we  took  as  our  reference  point 
the  beryllium  concentration  that  yielded  an  optical 
density  under  the  adopted  conditions  that  was  lo- 
cated approximately  in  the  central  portion  of  the 
region  of  least  reading  error  for  the  spectrophoto- 
meter  (in  our  case,  9  y  in  25  ml)!  This  enabled  us 
to  establish  a  coloring-matter  concentration  such 
that  the  coloring-matter/beryllium  molar  ratio  in 
the  final  solution  is  5:1  for  the  given  beryllium  con- 
centration. This  makes  it  possible  to  obtain  a  cali- 
bration curve  that  satisfies  Heer's  law  for  all  the 
beryllium  concentrations  that  give  optical  densities 
in  the  optimum  reading  zone  of  the  apparatus. 

The  sensitivity  of  the  method  and  the  reproduci- 
bility  of  the  results  were  determined  under  the 
operating  conditions  adopted  and  it  was  applied  to 
air  samples. 

It  was  found  that  the  color  developed  is  due  to 
formation  of  a  highly  dissociated  complex,  in  which 
the  coloring-matter/beryllium  molar  ratio  is  1:1. 

Experimental   Part 
Apparatus  and  Reagents 

Spectrophotometer :  all  the  spectrophotometric  de- 
terminations were  performed  with  a  Unicam  S.P. 
500  Spectrophotometer. 

/>-nitrobenzene-azo-orcinol  was  obtained  by  puri- 
fication of  the  Hopkins  and  Williams  coloring  mat- 
ter, the  "organic  reagent  for  metals/'  in  accordance 
with  the  crystallization  technique  given  in  Part  I. 

Standard  beryllium  solution :  ( 1 .000  mg  of  beryl- 
lium per  ml)  this  was  prepared  in  a  similar  manner 
to  that  indicated  for  the  standard  solutions  used  in 
Part  I.  All  the  other  solutions  used  in  the  work 
were  obtained  by  appropriate  dilutions  of  this  solu- 
tion. 

2N  sodium  hydroxide  solution:  prepared  by  dilu- 
tion of  a  50%  solution  of  sodium  hydroxide,  free 
from  carbonates.  Titrated  against  \N  hydrochloric 
acid  prepared  from  the  azeotropic  acid.  The  strength 
was  adjusted  to  2.00AT. 

0,64i1/  boric  acid  solution :  prepared  by  dissolving 
analytically  pure  boric  acid  in  distilled  water.  Con- 
centration checked  by  titration  with  sodium  hydrox- 
ide, according  to  the  standard  technique. 

Calcium  chloride  solution:  (1.00  mg  of  calcium 
per  ml)  prepared  by  dissolving  analytically  pure 
calcium  chloride  in  distilled  water.  The  calcium  in 
an  aliquot  part  was  determined  gravimetrically  by 
precipitation  as  the  oxalate.  The  solution  was  diluted 
to  a  concentration  of  1.00  nig  of  calcium  per  ml. 

Magnesium  chloride  solution  (1.00  mg  of  mag- 
nesium'per  ml) :  prepared  by  dissolving  analytically 
pure  MgCl2-6H2O  in  distilled  water.  The  magnes- 
ium in  an  aliquot  part  was  determined  gravimetri- 
cally as  magnesium  pyrophosphate. 

Aluminum  chloride  solution  (1.00  mg  of  alumi- 
num per  ml)  :  prepared  by  dissolving  pure  metallic 
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Figure  7a.  Spectrophotometric  curves.    Blank  vs  water:  (I)  0.1   mg 
of  coloring    matter;   (II)   0.5   mg  of  coloring   matter 


aluminum  in  dilute  hydrochloric  acid  and  subsequent- 
ly diluting  with  distilled  water. 

Ferric  chloride  solution  (1.00  mg  of  iron  per  ml)  : 
a  standard  solution  of  Mohr  salt  was  prepared,  and 
the  iron  in  an  aliquot  part  was  precipitated  as  the 
hydroxide  after  oxidation.  The  hydroxide  was  dis- 
solved with  dilute  hydrochloric  acid,  and  the  solu- 
tion obtained  was  diluted  to  1  mg  of  iron  per  ml. 

Notes :  in  all  the  determinations,  the  reagents 
were  added  in  the  same  order  as  that  indicated  in 
Part  1. 

The  sodium  hydroxide  indicated  includes  the 
amount  added  with  the  solution  of  the  coloring  mat- 
ter except  where  the  contrary  is  stated. 

All  the  solutions  of  coloring  matter  were  prepared 
by  dissolving  in  0.1  AT  sodium  hydroxide;  they  were 
kept  in  amber-glass  bottles  and  discarded  IS  days 
after  being  prepared,  since  the  beryllium-sensitivity 
method  indicated  that  they  grew  stale.  The  optical 
density  obtained  with  1.00  mg  of  beryllium  and 
0.300  mg  of  coloring  matter,  in  1-cm  cells  and  at 
514m/Kwas  (1)  0.69;  (2)  0.68;  (3)  0.68;  (4)  0.66; 
(5)  0.63  in  solutions  (1)  freshly  prepared;  (2)  10- 
days  old;  (3)  15-days  old;  (4)  20-days  old;  and 
(5)  30-days  old,  respectively. 

The  amounts  of  beryllium  and  coloring  matter 
used  are  expressed  in  y  and  mg,  respectively,  without 
specifying  the  volume  and  concentration  of  the  solu- 
tions in  which  they  are  added,  since  these  varied 
in  the  course  of  the  experiments,  so  as  to  be  able 
to  measure  amounts  with  errors  of  \%  maximum. 

Since  the  purpose  was  to  determine  the  smallest 
possible  amount  of  beryllium  per  sample,  with  a 
view  to  subsequent  employment  of  the  method  in 
analysis  of  air,  the  final  volume  of  the  system  was 
set  at  2S.O  and  the  readings  were  made  in  4-cm 
cells.  Once  the  variables  of  the  method  had  been 
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Figure  7b.  Spectrophotometric  curves.  Beryllium  complex  vs  blank: 
(I)    coloring-matter/beryllium    molar    ratio  =  0.5/1;    (II)    coloring- 
matter/beryllium  molar  ratio  =1/1;  (III)  coloring-matter/beryllium 
molar  ratio  =  2/1;  (IV)  coloring-matter/beryllium  molar 
ratio  ~  3/1 


determined,  the  volume  to  which  the  reagent  was 
to  be  added  was  therefore  set  at  5  ml,  since  this  is 
the  largest  volume  that  could  be  measured  with  a 
graduated  pipette,  compatible  with  the  total  volume 
of  25  ml. 

The  cells  used  throughout  the  work  were  4-cm 
cells  unless  the  contrary  is  stated. 
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Figure  8.  Influence    ~F    error    in    measuring    coloring    matter    as 

function  of  the  wavelength,  for  various  coloring-matter/beryllium 

molar  ratios.  C  =  ratio  of  the  optical  density  of  the  complex  vs 

the  blank  to  the  optical  density  of  the  blank  vs  distilled  water 


SPECTROPHOTOMETRY  OF  Be 


333 


Spectrophotometric  Curves 
Spectrophotometric  Curves  of  the  Blanks 

Two  solutions  with  a  final  volume  of  25.0  ml  were 
prepared,  containing  2.80  ml  of  2N  sodium  hydrox- 
ide solution,  5.0  ml  of  0.64M  boric  acid  and  0.100 
and  0.50  rug,  respectively,  of  coloring  matter.  Their 
optical  density  relative  to  distilled  water  was  deter- 
mined at  various  wavelengths,  using  1-cm  cells  in 
the  first  case.  The  results  are  shown  in  Fig.  7a. 

Spectrophotometric  Curves  of  the   Beryllium 
Complex 

Four  solutions  with  a  final  volume  of  25.0  ml 
were  prepared,  containing  2.80  ml  of  2N  sodium 
hydroxide  solution,  5.0  ml  of  0.64M  boric  acid,  0.50 
mg  of  coloring  matter,  and  35  y,  16.5  y,  and  5.5  y 
beryllium,  respectively.  The  coloring-matter/beryl- 
lium molar  ratio  in  these  solutions  was  0.5:1,  1:1, 
2:1,  and  3:1,  respectively,  for  a  coloring-matter 
molecular  weight  of  273. 

The  optical  density  of  the  above  solutions  was 
determined  relative  to  a  blank  identical  with  them, 
except  for  having  no  beryllium,  for  various  wave- 
lengths. The  results  are  shown  in  Fig.  7b. 

Influence   of   Error   in   Measuring   Coloring   Matter 
as  Function   of  Wavelength 

Tt  will  be  seen  from  Fig.  7  that  the  wavelength 
of  maximum  sensitivity  is  510  ni/x.  The  optical  density 
of  the  blanks  at  this  wavelength  is  very  high,  one 
of  the  major  errors  of  the  method  being  that  arising 
from  possible  differences  in  the  concentration  of 
coloring  matter  in  the  solution  with  beryllium  and  in 
the  blank.  For  a  given  difference  in  concentrations, 
the  more  the  optical  density  of  the  blank  increases 
and  the  optical  density  of  the  complex  with  beryllium 
decreases,  the  greater  will  be  the  resulting  error  in 
readings. 

The  ratio  of  the  optical  density  of  the  beryllium 
complex  to  that  of  the  blank  will  be  a  maximum 
at  the  wavelength  of  least  error  as  determined  by 
the  coloring  matter. 


1,6 


1,2 


•3 


0,4 


This  wavelength  is  fixed  at  535  nip  for  the  curve 
of  Fig.  8,  traced  on  the  basis  of  the  quotients  of  the 
values  of  the  optical  density  of  Fig.  7b  (Curves  I, 
II,  III,  IV)  and  of  Fig.  7a  (Curve  II). 

Coloring-Matter  Concentration 

A  series  of  solutions  was  prepared  with  final  vol- 
ume of  25.0  ml,  containing  2.80  ml  of  2N  sodium 
hydroxide,  5.0  ml  of  0.64M  bori<*  acid,  2.0  ml  of 
beryllium,  and  varying  amounts  of  coloring  matter. 
Blanks  were  prepared,  identical  with  the  previous 
solutions,  but  without  beryllium. 

The  optical  density  of  the  blanks  was  determined 
with  respect  to  distilled  water ;  and  that  of  the  beryl- 
lium solutions  was  determined  with  respect  to  the 
blanks  at  510  m/i  and  535  m/*. 

The  results  are  shown  in  Fig.  9. 

If  we  take  0.5%  as  the  maximum  allowable  differ- 
ence between  the  concentration  of  coloring  matter 
in  the  solution  containing  beryllium  and  in  the  blank 
(a  difference  caused  by  errors  in  measuring  the 
coloring  matter  and  in  the  final  levelling),  the  error 
in  reading  due  to  this  cause  is  \%  at  535  m/*  for  a 
coloring-matter/beryllium  molar  ratio  of  5:1,  and 
2%  at  510  m/x  for  a  2.25 :1  molar  ratio.  Under  these 
conditions,  the  sensitivity  of  the  method  is  equal 
in  the  two  cases.  The  slit  width  is  0.07  and  0.16  mm, 
respectively. 

The  foregoing  enables  us  to  say  that  the  535-m/u, 
wavelength  is  better  than  the  510-m/*  one.  The  max- 
imum amount  of  coloring  matter  to  use  at  this  wave- 
length is  greater  than  at  510  m/*,  which  makes  it 
possible  to  predict  fulfillment  of  Beer's  law  over  a 
wider  range  of  the  calibration  curve.  Despite  the 
higher  coloring-matter  concentration  for  equal  sen- 
sitivity conditions  for  the  apparatus,  the  slit  is  cut 
down  by  half. 

The  following  experiment  was  performed  to  verify 
the  fulfillment  of  Beer's  law  under  the  above  con- 
ditions : 

Two  series  of  five  solutions  each  were  prepared. 
With  a  final  volume  of  25.0  ml  the  solutions  of  each 
series  contained  2.80  ml  of  2N  sodium  hydroxide, 
5.0  ml  of  0.64M  boric  acid,  and  varying  amounts 
of  beryllium.  The  two  series  had  1.365  and  0.613 
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Figure  9a.  (I)  Blank  vs  distilled  water;  (II)  9  y  of 
beryllium   vs   blank.   Readings  at  510  m/i 


1:1  2:1          3:1          4:1  5:1 

Coloring  .  matter  /beryllium  molar  ratio 

Figure  9b.  (I)  Blank  vs  distilled  water;  (II)  9  y  of 
beryllium   vs  blank.   Readings  at  535  m/i 
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mg  of  coloring-matter,  respectively  (coloring-matter/ 
beryllium  molar  ratios  of  5:1  and  2.25:1,  respec- 
tively, for  9y  of  beryllium). 

The  optical  density  was  determined  with  respect 
to  blanks  identical  with  the  solutions  but  containing 
no  beryllium,  at  535  m/x  for  the  first  series  and  510 
m/x  for  the  second. 

The  results  are  given  in  Fig.  10.  It  is  seen  that, 
in  point  of  fact,  Beer's  law  applies  over  a  larger 
Region  of  the  calibration  curve  at  535  mp,  and  with  a 
5:1  coloring-matter/beryllium  molar  ratio. 

Effect  of  the  pH 
Effect  of  the  Sodium   Hydroxide  Concentration 

A  series  of  solutions  was  prepared,  with  final 
volume  25,0  ml,  containing  5.0  ml  of  0.64M  boric 
acid,  1.365  mg  of  coloring  matter,  9.0  y  of  beryllium, 
and  varying  quantities  of  2N  hydroxide  solution. 
Blanks  were  prepared  identical  with  the  above  solu- 
tions, but  without  beryllium. 

At  535  m/A  the  optical  density  of  the  blanks  was 
determined  with  reference  to  distilled  water,  and 
that  of  the  solutions  containing  beryllium  with  ref- 
erence to  the  corresponding  blanks.  The  results  are 
shown  in  Fig.  11  a.  The  ml  of  sodium  hydroxide  in- 
dicated in  this  figure  do  not  include  the  amounts 
added  with  the  reagent  (5  ml  of  O.IN  sodium  hy- 
droxide). 

Effect  of  the  Boric  Acid  Concentration 

A  series  of  solutions  was  prepared,  with  final 
volume  25.0  ml,  containing  2.80  ml  of  2N  sodium 
hydroxide,  1.365  mg  of  coloring  matter,  9.0  y  of 


« 


1.2 


0.8 


0.6 


0.4 


0.2 


5  10  .  15  20  25 

I  Be  in  25  ml 

Figure  10.  Influence  of  operating  conditions  on  compliance  with 
Beer's  law.  (I)  1.365  mg  of  coloring  matter  in  25  ml  (Coloring- 
matter/beryllium  molar  ratio  —  5/1  for  9  7  of  beryllium).  X  = 
535  mfjL.  (II)  0.613  mg  of  coloring  matter  in  25  ml.  (Coloring- 
matter/beryllium  molar  ratio  =  2.25/1  for  9  y  of  beryllium) 
X  =  510  mfjL 


beryllium,  and  varying  amounts  of  0.64M  boric  acid 
solution.  Blanks  were  prepared  identical  with  the 
above  solutions,  but  without  beryllium. 

At  535  m/A  the  optical  density  of  the  blanks  was 
determined  with  reference  to  distilled  water,  and 
that  of  the  solutions  containing  beryllium  with  ref- 
erence to  the  corresponding  blanks.  The  results  are 
shown  in  Fig.  11&. 

Figure  11  indicates  that  the  pH  has  a  marked 
effect  on  the  color  of  the  blanks  and  of  the  solutions 
with  beryllium.  Using  5.0  ml  of  0.64M  boric  acid, 
sensitivity  is  found  to  be  a  maximum  between  1.6 
and  1.75  ml  of  sodium  hydroxide  (pH  about  11.5). 
It  is  advisable,  however,  to  get  some  distance  away 
from  the  region  where  the  curve  of  the  beryllium 
complex  exhibits  a  sharp  drop;  for  this  reason,  we 
adopted  2.00  nil  of  2N  sodium  hydroxide  as  the 
amount  to  be  used  not  including  the  sodium  hydrox- 
ide added  with  solution  of  coloring  matter,  equiva- 
lent to  0.25  ml  of  2N  solution. 

It  will  be  seen  from  the  curves  that  measure- 
ments of  the  sodium  hydroxide  and  boric  acid  solu- 
tions should  be  made  to  within  \%  and  2%,  respec- 
tively, in  order  to  avoid  errors  of  over  \%  in  the 
determination. 

Effect  of  Time 

A  solution  was  prepared  with  a  final  volume  of 
25.0  ml,  containing  2.25  ml  of  2N  sodium  hydroxide, 
9.0  y  of  beryllium,  5.0  ml  of  0.64Af  boric  acid  solu- 
tion, and  1.365  mg  of  coloring  matter.  A  blank  of 
identical  composition,  except  for  the  absence  of 
beryllium,  was  also  prepared. 

The  optical  density  of  the  solution  at  535  HI/A  was 
determined  with  reference  to  the  blank  at  one  hour 
intervals  after  the  time  of  its  preparation. 

The  values  obtained  are  given  in  Table  IV. 

The  table  shows  that  the  influence  of  the  time 
elapsing  between  preparation  of  the  solution  and 
taking  the  reading  is  small;  the  decrease  is  of  the 
order  of  \%  in  two  hours. 

Sensitivity  of  the  Method  and 
Reproducibility  of  the  Results 

A  calibration  curve  was  plotted  under  the  adopted 
working  conditions;  this  curve  is  given  in  Fig.  12. 
The  determinations  were  made  with  reference  to 
independently  prepared  blanks. 

The  sensitivity  of  the  method,  calculated  in  con- 
formity with  this  curve,  is  0.0025  y  per  cm2  for 
an  optical  density  of  0.001. 

Ten  solutions  were  prepared  with  25.0  ml  final 
volume,  containing  2.25  ml  of  sodium  hydroxide, 
7.0  y  of  beryllium,  5.0  ml  of  0.64M  boric  acid  and 
1.365  mg  of  coloring  matter,  in  order  to  establish 
reproducibility  of  the  results.  The  optical  density 
at  535  mfi  was  determined  with  reference  to  inde- 
pendently prepared  blanks.  The  results  are  given 
in  Table  V. 

According  to  these  results,  the  precision  of  the 
method  is  3%  for  the  mean  of  two  determinations 
in  the  optimum  zone  of  the  spectrophotometer,  cal- 
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Table  IV.     Effect  of  Time 


Table  V.     Reproducibility  of  the  Results 


Time,  hours 


Optical  density 


0.578 
0.575 
0.572 
0.570 
0.570 


culatcd  on  the  basis  of  9  degrees  of  freedom,  and 
the  reliability  limit  may  be  set  as  95%. 

Coloring-Matter  Beryllium  Molar  Ratio 
in  the  Resulting  Cornplex 

Job's  methods  of  continuous  variation  was  em- 
ployed to  determine  this.0'11'13  A  series  of  solutions 
was  prepared  having  25.0  ml  final  volume,  containing 
5.0  ml  of  0.64M  boric  acid,  2.25  ml  of  2N  sodium 
hydroxide,  and  such  amounts  of  coloring  matter 
and  beryllium  that  the  molar  sum  was  constant  and 
equal  to  1.6  X  10~4  in  each  solution,  and  the  molar 
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ml  of  2N  sodium  hydroxide  in  25  ml 


Figure  11  a.  (I)  Blank  vs  distilled  water; 
(II)    Beryllium   complex   vs   blank 
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ml  of  0.  64M  boric  acid  in  25  ml. 

Figure  lib.  (I)  Blank  vs  distilled  water; 
(II)   Beryllium   complex  vs  blank 


Solution 

Optical  density 

1 

0.431 

2 

0.440 

3 

0.454 

4 

0.445 

5 

0.441 

6 

0.444 

7 

,0.443 

8 

0.441 

9 

0.430 

10 

0.445 

fraction  Be/Af  coi  +  M  B«  was  varied  between  0.1 
and  0.9. 

A  series  of  blanks  was  prepared,  identical  with 
the  above  solutions  except  that  they  contained  no 
beryllium.  The  spectrophotometric  curves  corre- 
sponding to  different  coloring-matter/beryllium  mo- 
lar ratios  are  shown — Fig.  13.  The  readings  at  500 
m/x  were  taken  in  1  cm  cells  in  order  to  avoid  very 
wide  slits,  but  the  results  obtained  were  multiplied 
by  four  for  greater  clarity  in  the  figure. 

The  experiments  indicated  that  the  color  produced 
is  due  to  the  formation  of  a  single,  highly  dissociated 
complex,  in  which  the  coloring-matter/beryllium 
molar  ratio  is  1:1. 

Application    to   Analysis   of   Air   Samples 

Type  SS  S891  filter  paper20'21  was  used  in  taking 
the  air  sample.  The  wet  method  was  used  for  de- 
stroying the  organic  matter  before  analysis,  in  order 
to  prevent  the  beryllium  losses  that  occur  during 
calcination.21  Under  these  conditions,  the  final  solu- 
tion is  highly  acidic  and  unsuited  for  the  colorimetric 
determination  of  beryllium,  so  that  a  carrier  must  be 
used  to  recover  this  element. 

Aluminum  was  used  for  this  purpose;  and  we 
primarily  investigated  the  recovery  of  beryllium  dur- 
ing the  destruction  of  the  organic  matter  and  con- 
centration with  the  carrier. 

A  series  of  six  precipitating  beakers  was  prepared. 
An  SS  5891  filter  paper  11  cm  in  diameter  was 
placed  in  each  jar,  and  0.60  ml,  1.20  ml,  1.80  ml, 
1.40  ml  and  3.00  ml,  respectively,  of  a  solution  of 
beryllium  sulfate  (5  y  of  beryllium/ml)  was  added. 
We  added  4  ml  of  sulfuric  acid  (sg=  1.84)  and  8 
ml  of  concentrated  nitric  acid  to  each  jar,  allowing 
each  acid  to  act  for  10  minutes  and  then  heating 
gently,  with  the  jar  covered,  until  the  nitrous  fumes 
were  eliminated.  Destruction  of  the  organic  matter 
was  completed  by  adding  3  drops  of  concentrated 
perchloric  acid  and  heating  until  white  fumes  were 
given  off.  The  silica  was  eliminated  in  a  platinum 
evaporating  dish  with  3  drops  of  48%  hydrofluoric 
acid. 

This  "technique  yielded  completely  colorless  solu- 
tions in  less  than  3  hours.  They  were  transferred 
to  10-ml  centrifuge  tubes  containing  1  ml  of  alumi- 
num chloride  solution  (1  mg  aluminum  per  ml)  and 
1  ml  of  ammonium  chloride  solution  (200  mg  of 
ammonium  chloride  per  ml)  each.  The  final  volume 
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Figure  12,  Calibration  curve  for  the  conditions  adopted 

was  adjusted  to  8  ml,  and  the  solution  was  neutral- 
ized by  adding  ammonium  hydroxide  dropwise. 

The  precipitate  obtained  was  centrifuged,  washed 
with  5  ml  of  distilled  water,  centrifuged  again,  dis- 
solved in  2.02  ml  of  2N  sodium  hydroxide,  and 
transferred  to  a  25.0-ml  flask. 

After  washing  the  tube  with  5  ml  of  distilled 
water,  the  color  was  brought  out  under  the  conditions 
we  have  adopted,  and  read  against  blanks  prepared 
in  the  usual  way. 

The  results  are  summed  up  in  Table  VI. 
2.40  ml  and  3.00  ml,  respectively,  of  a  solution  of 
beryllium  sulfate  (5  y  of  beryllium/ml)  was  added, 
to  10-ml  centrifuge  tubes  containing  1  ml  of  alumi- 
transf erred  to  a  25.0-ml  flask. 

It  follows  from  the  above  table  that  recovery  is 
97%  ^  3%  between  3  and  15  y,  calculated  on  the 
basis  of  4  degrees  of  freedom,  for  a  reliability  limit 
of  95%. 


Table  VI.     Recovery  of   Beryllium 


y  of  beryllium  added 


Optical  density 


y  of  beryllium  found 


3.0 

0.175 

2.8 

6.0 

0.355 

5.6 

9.0 

0.558 

8.9 

12.0 

0.740 

11.8 

15.0 

0.908 

14.4 

Iron,  calcium  and  magnesium  were  selected  for 
study  of  the  interferences,35  since  these  are  the 
elements  among  those  normally  found  in  air  samples 
that  are  most  likely  to  affect  beryllium  determination. 

Silica  was  left  out  of  consideration,  since  it  is 
eliminated  in  the  preliminary  preparation  of  the 
sample. 

Ten  samples  of  air  each  of  10  cubic  meters,  were 
analyzed  spectrographically  in  order  to  determine 
the  approximate  concentration  of  the  elements  under 
consideration.  It  was  found  that  they  contained  100  y 
of  calcium,  50  y  of  magnesium  and  100  y  of  iron  on 
the  average. 

A  series  of  11  centrifuge  tubes  was  prepared, 
numbered  from  1  to  11,  each  containing,  1.40  ml 
of  beryllium  sulfate  solution  (5  y  of  beryllium/ml) 
in  a  final  volume  of  8  ml.  Seven  of  these  tubes  (Nos. 
1,  2,  3,  6,  7,  10,  and  11)  contained,  in  addition,  1  ml 
of  aluminum  chloride  solution  (1  mg  of  aluminum 
per  ml),  1  ml  of  ammonium  chloride  solution  (200 
mg  of  ammonium  chloride  per  ml),  and  varying 
amounts  of  iron,  calcium,  and  magnesium,  respec- 
tively. Varying  amounts  of  calcium  and  magnesium 
were  added  to  the  remaining  four. 

The  tubes  containing  the  carrier  were  precipitated, 
centrifuged,  etc.,  following  the  same  technique  em- 
ployed in  the  recovery  experiment.  2N  sodium  hy- 
droxide was  added  to  the  other  tubes  (2.00  ml  to 
Nos.  4  and  8,  and  2.02  ml  to  Nos.  5  and  9).  All  the 
solutions  were  transferred  to  25-ml  flasks  with  the 
precautions  referred  to  above,  and  the  color  was 
developed  in  each  flask  under  the  conditions  we  have 
adopted.  The  optical  density  was  read  as  against 
blanks  prepared  in  the  usual  manner. 

The  values  obtained  are  summed  up  in  Table  VI T. 


Table  VII.     Interferences 


Tube  no. 

Interference 
studied 

A  mt.  of  added 
interf.t  mg 

Aluminum 
carrier,  mg 

Beryllium 
zdded.y 

Optical  density 

Beryllium 
found,  y 

1 

Fe 

0.050 

1 

7.0 

0.440 

7.0 

2 

Fe 

0.200 

1 

7.0 

0.431 

6.9 

3 

Fe 

0.050 

1 

7.0 

0.420 

6.7 

4 

Mg 

0.100 

- 

7.0 

0.380 

6.1 

5 

Mg 

1.00 

- 

7.0 

0.170 

2.8 

6 

Mg 

1.00 

1 

7.0 

0.430 

6.9 

7 

Mg 

1.00 

1 

7.0 

0.440 

7.0 

8 

Ca 

0.100 

- 

7.0 

0.450 

7.1 

9 

Ca 

1.00 

- 

7.0 

0.430 

6.9 

10 

Ca 

1.00 

1 

7.0 

0.440 

7.0 

11 

Ca 

1.00 

1 

7.0 

0.450 

7.1 
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Figure  13.  Coloring-matter/beryllium  molar  ratio  in  the  complex. 
Wave  lengths:  (1)  510  m/x,  (2)  500  m/u,  (3)  525  m/i,  (4)  540  m/x, 

It  follows  from  Table  VII  that  iron  does  not 
interfere  to  any  great  extent  up  to  1  mg  per  sample, 
when  the  carrier  (1  mg  of  aluminum)  is  present. 

Magnesium  interferes  seriously  when  no  carrier 
is  used,  even  in  amounts  of  the  order  of  100  y  per 
sample,  but  1  mg  of  this  element  does  not  interfere 
when  a  carrier  is  used. 

Calcium  produces  no  interference  in  any  case. 

CONCLUSIONS 

Beryllium  reacts  with  />-nitrobenzcne-azo-orcinol ; 
over  a  specific  pH  range  a  single  red  highly  dissoci- 
ated complex  is  produced  in  which  the  Be/coloring- 
matter  molar  ratio  is  1:1. 

The  reaction  makes  it  possible  to  determine  beryl- 
lium spectrophotometrically  if  strict  control  of  the 
operational  conditions  is  exercised. 

The  final  solution  should  be  0.180 AT  in  sodium 
hydroxide  and  0.128M  in  boric  acid.  The  coloring- 
matter  concentration  in  this  solution  should  be  such 
that  the  coloring-matter/beryllium  molar  ratio  is 
about  5:1,  compared  with  the  beryllium  concentra- 
tion in  the  middle  portion  of  the  range  of  beryllium 
concentrations  to  be  determined.  The  spectrophoto- 
metric  reading  should  be  taken  at  535  m/z. 

Under  these  conditions,  if  the  volume  of  the  final 
solution  is  25.0  ml,  and  the  length  of  the  cells  used 
is  4  cm,  the  range  of  beryllium  concentrations  that 
can  be  measured  within  the  spectrophotometer's  op- 
timum reading  zone  is  3  to  16  y,  Beer's  law  being 
satisfied  over  this  region.  The  sensitivity  is  0.0025  y 
per  cm2  for  an  optical  density  of  0.001. 

The  precision  of  the  method  for  the  mean  of  two 
determinations  in  the  spectrophotometer's  optimum 
reading  zone  operating  with  pure  beryllium  solu- 
tions, is  calculated  from  the  data  of  Table  5  (9  de- 
grees of  freedom).  Setting  the  limit  of  reliability  at 
95%,  this  proves  to  be  ±:  3%. 

The  method  can  be  applied  satisfactorily  to  deter- 
mination of  beryllium  in  air  samples.  Recovery  may 
be  estimated  at  97  ±:  3%  between  3  and  15  y  cal- 
culated on  the  basis  of  four  degrees  of  freedom 
(Table  VI)  for  a  reliability  limit  of  95%. 
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Spectrophotometric  Evaluation  of  Microquantities  of  Boron 

* 

By  Julia   F.  Possidoni  de  Albinati  and  Rafael  H.  Rodriguez  Pasqu£s,*  Argentina 


The  process  which  is  the  subject  matter  of  this 
article  is  based  on  the  known  formation  of  a  com- 
pound of  deep  red  color  when  boric  acid  is  mixed 
with  curcumin  (yellow  dye  extracted  from  the  tur- 
meric root)  in  an  acid  medium.  Schulumberger  first 
used  this  reaction  for  qualitative  analysis  around 
1866,  and  then  Cassal  and  Gerrans  added  oxalic 
acid  in  1903  to  intensify  the  color  obtained.  Since 
then  the  method  has  been  studied  repeatedly  and 
extended  to  quantitative  analysis.1 

Russell  published,  in  1944,  a  revision  of  the  litera- 
ture written  up  to  that  date.- 

Recently  a  number  of  workers  have  studied  the 
application  of  the  absortiometric  technique,  and  per- 
haps the  best  work  published  on  the  subject  is 
Naftel's;3'7  all  stress  the  extraordinary  sensitivity 
of  the  reaction,  without  insisting  on  the  practical 
difficulties. 

Until  recently,  all  we  knew  about  the  nature  of 
the  reaction  were  surmises,  and  it  was  even  believed 
that  the  red  color  was  that  of  a  boron  free  curcumin 
polymer.  Spicer  and  Strickland  published  in  1952, 
three  interesting  articles8-9-10  on  the  mechanism  of 
the  reaction,  in  the  presence  and  in  the  absence  of 
oxalic  acid  and  arrived  at  the  conclusion  that  the 
yellow  dye  forms,  in  both  instances,  complex  com- 
binations with  the  boric  acid,  which  they  named 
rosocyanin  and  rubro-curcumin. 

Tn  the  former,  the  boron/curcumin  molar  ratio 
is  1:2;  and  the  latter  contains  oxalic  acid  in  its 
molecule,  so  that  the  boron/curcumin/oxalic  ratio  is 
2:2:2.  Since  molar  extinction  is  about  the  same  in 
both  complexes,  rosocyanin  formation  is  theoretically 
twice  as  sensitive  as  that  of  rubro-curcumin  ;  how- 
ever, it  is  preferable  in  actual  practice  to  obtain  the 
latter  because  it  gives  a  higher  yield  and  conse- 
quently, more  intense  colors.  According  to  the 
authors  mentioned,  the  reaction  may  be  written  as 
follows  : 

COOH 
2H3BO3  +  2COOH 


curcumin 

6H2O  +  C4eH88O2oB2 
rubro-curcumin 

The  boron  in  the  sample  should  be  changed  to 
boric  acid,  which  is  readily  separated  by  distilling  it 
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as  its  methyl  ester  and  recovering  in  a  dilute  solution 
of  sodium  hydroxide ;  evaporating  the  distillate  to 
dryness,  finally  extracting  the  boron  as  sodium 
borate,  together  with  the  surplus  alkali. 

In  order  to  carry  out  the  reaction,  neutralize  the 
alkali,  add  the  "turmeric  reagent",  and  dehydrate 
by  heating  to  a  moderate  temperature.  The  rubro- 
curcumin  thus  formed  is  dissolved  in  methanol  or 
acetone,  and  the  intensity  of  the  red  color  is  com- 
pared spectrophotometrically  with  known  samples, 
prepared  in  a  similar  fashion.  Separation  by  distilla- 
tion insures  the  absence  of  interferences,  and  is 
easily  made.  However,  the  formation  conditions  of 
the  colored  complex  are  somewhat  critical,  and 
special  care  should  be  taken  in  order  to  have  con- 
sistent results.  The  sensitivity  of  the  method  is  very 
great. 

TECHNIQUE 
General 

The  determination  of  traces  of  boron  requires 
special  refinements  of  the  technique,  in  order  to  avoid 
any  contamination  from  the  outside.  For  this  reason, 
boron  free  materials  and  previously  purified  reagents 
should  be  used.  This  precludes  the  use  of  borosilicate 
glass  containers. 

Before  use,  the  distilling  equipment  and  all  the 
glass,  quartz  and  platinum  equipment  is  cleaned  and 
decontaminated  from  boron,  washing  successively 
with  a  sulphuric-chromic  acid  mixture,  water,  re- 
distilled water  and  boiling  methanol.  Boiling  of  the 
methanol  should  be  continued  for  several  minutes 
inside  the  containers  to  be  decontaminated. 

Reagents  and  Equipment 

Redistilled  water:  Obtained  from  quartz  still.  Keep 
in  a  polyethylene  container. 

Boric  acid  standard  solution :  One  gamma  per  ml, 
prepared  with  boric  acid  and  redistilled  water.  Keep 
in  a  polyethylene  container. 

Concentrated  perchloric  acid :  Boron  is  eliminated 
by  several  hydrofluoric  acid  evaporations  in  a 
platinum  crucible.  Keep  in  a  quartz  or  boron-free 
glass  vial. 

Methanol,  boron  free :  Leave  for  two  days  in  con- 
tact with  lime  treated  with  sodium,  distill,  recover 
the  middle  fraction,  and  redistill  after  another  period 
of  two  days  of  contact  with  lime.  Keep  in  poly- 
ethvlene  bottle. 
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Ethanol,  boron  free :  Prepare,  as  explained  for 
the  methanol. 

Sodium  hydroxide,  10%  solution:  Prepare  with 
pure  chemical,  previously  examined  to  ensure  that  it 
is  sufficiently  boron  free. 

Oxalic  acid,  boron  free:  Recrystallize  twice,  in 
redistilled  water.  Keep  in  polyethylene  bottle. 

Hydrochloric  acid,  concentrated:  Analyze  each 
lot. 

Hydrochloric  acid  1  +  4:  Prepared  by  dilution 
of  above  with  redistilled  water. 

Curcumin :  British  Drug  Houses  chemical  was 
used,  crystallized,  for  laboratory  use. 

Curcumin  reagent:  Dissolve  15  gm  oxalic  acid 
in  ethanol,  add  IS  ml  concentrated  hydrochloric  acid 
and  85  ml  redistilled  water.  Add  1  gm  curcumin  and 
make  up  to  one  liter  with  ethanol.  Filter,  and  keep 
in  a  polyethylene  bottle. 

Distillation  apparatus:  Quartz,  to  separate  boron 
as  methyl  borate.  Flask  capacity  approximately  200 
ml  (Fig.  1). 

Precipitation  vessels :  Quartz  or  boron  free  glass, 
about  100  ml  capacity. 

Platinum  evaporating  dishes:  45  ml  capacity,  of 
same  thickness  and  cross  section. 

Thermostatic  bath:    Plus  stirrer  for  same. 

Spectrophotometer :  "Unicam"  model  SP  500  or 
equivalent ;  10  and  20  mm  light  cells. 

Processing   of   Uranium   Samples   and   Compounds 

Use  an  amount  containing  0.1  to  5  y  of  boron. 
Dissolve  in  suitable  manner,  bearing  in  mind  the 
volatility  of  boric  acid  in  steam  in  order  to  avoid 
loss.  Pass  to  distillation  beaker,  make  alkaline  to 
methyl  red,  and  proceed  as  described  below. 

Treatment  of  Graphite  Samples 

Grind  in  an  agate  mortar  after  decontamination 
from  boron.  Take  a  sample  of  suitable  size,  transfer 
to  a  platinum  crucible,  add  hot  saturated  barium 
hydroxide  solution  and  homogenize  the  paste  using 
a  platinum  wire. 

Insert  the  crucible  in  a  cylindrical  quartz  oven  and 
gradually  heat  in  a  slow  oxygen  flow  to  750-800°C, 
until  complete  combustion  of  the  graphite.12  The  gas 
ejected  is  bubbled  through  an  alkali  solution. 

Transfer  the  alkali  residue  from  the  crucible  and 
the  alkaline  solution  to  the  distillation  flask  (Fig.  1). 

Separation  of  Boron  by  Distillation 

Heat  the  alkaline  sample  contained  in  the  flask, 
Fig.  1,  and  boil  off  almost  all  the  water  present. 

Cool.  Add,  by  means  of  the  separation  funnel, 
enough  concentrated  perchloric  acid  to  acidify  the 
system,  and  add  30-50  ml  methyl  alcohol.  Place  the 
flask  in  boiling  water  and  collect  the  methanol  and 
methyl  borate  formed  (B.Pt.  68°  C)  in  a  quartz  pre- 
cipitation vessel  in  which  the  tip  of  a  refrigerating 
tube  is  dipped  into  an  adequate  amount  of  a  solution 
made  with  0.2  ml  10%  sodium  hydroxide,  and 
enough  redistilled  water  to  cover  the  outlet  tip. 
There  is  no  danger  of  explosion  due  to  overheating, 
since  the  operation  is  performed  in  a  double  boiler. 


Figure   1 

As  the  contents  of  the  flask  become  nearly  dry, 
add  a  new  portion  of  methyl  alcohol,  and  repeat  the 
distillation  three  times,  collecting  always  in  the  same 
vessel. 

As  the  distillate  is  being  recovered,  some  turbidity 
or  white  precipitate  may  appear  in  it,  due  to  the 
carbonation  of  the  hydroxide,  but  this  will  be  no 
hindrance  whatsoever. 

Concentrate  the  alkaline  aqueous  and  alcoholic 
solution  in  a  double  boiler  to  a  few  milliliters,  and 
transfer  quantitatively  to  a  platinum  evaporation 
dish. 

Obtain,  in  a  similar  way,  a  ' 'distilled  blank",  the 
purpose  of  which  will  be  to  subtract  from  the  boron 
found  in  the  sample,  that  which  was  present  in  the 
reagents ;  it  may  be  omitted  when  the  latter  are  com- 
pletely boron  free. 

Development  of  the  Colored  Complex 

Prepare  in  their  own  platinum  dishes,  a  boron  free 
blank  and  the  necessary  standard  samples,  with  0.2 
ml  of  10%  sodium  hydroxide,  and  the  correspond- 
ing volumes  of  a  standard  boric  acid  solution.  Heat 
all  prepared  dishes  in  a  double  boiler  or  sand  bath 
at  moderate  temperatures,  until  the  contents  are 
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totally  dry:  the  final  stage  of  this  dehydration  pro- 
cess should  be  watched  very  carefully  since  losses 
may  occur  due  to  the  sputtering  produced  by  the 
cracking  of  the  crystalline  residue. 

Cool,  add  to  each  dish  the  exact  volume  of  1  +  4 
hydrochloric  acid  needed  to  acidify  the  contents  stir- 
ring carefully  with  a  platinum  wire.  It  is  very  im- 
portant that  the  volume  of  acid  added  to  all  the 
capsules  be  the  same  (about  0.3  ml). 

Next,  add  5  ml  of  "curcumin  reagent"  to  each 
dish,  and  simultaneously  place  them  in  a  bath,  the 
temperature  of  which  is  stabilized  between  55  and 
58°  C,  enclosed  in  a  fume-cupboard,  where  they  are 
kept  until  total  dehydration.  This  is  the  most  critical 
stage  of  the  process ;  it  is  absolutely  necessary  that 
the  evaporations  be  carried  out  simultaneously,  and 
non-compliance  with  these  condition  will  give  incon- 
sistent results. 

The  colors  will  be  deeper  if  the  drying  time  is 
short.  Platinum  dishes  are  convenient  for  this  very 
reason,  due  to  the  high  thermal  conductivity  of  this 
metal. 

Spectrophotometric    Measurement 

Cool  the  dishes;  add  15  or  20  ml  methanol  (or 
acetone),  measuring  exactly,  stirring  with  platinum 
wire  to  dissolve  the  dye.  The  volume  may  be  in- 
creased if  the  colors  are  excessively  deep. 

Filter  the  colored  alcoholic  solutions  (yellow, 
orange,  red)  through  fast  dry  filter  paper,  in  order 
to  separate  the  saline  residue,  and  fill  the  absorption 
cells  (10  or  20  mm)  with  the  clean  filtrates. 

As  previously  stated,  the  color  intensities  depend 
on  the  temperature  and  duration  of  evaporation;  for 
this  reason,  it  is  impossible  to  draw  a  permanent 
calibration  curve  but,  since  Beer's  law  is  strictly 
observed,  the  blank  and  one  single  standard  should 
suffice  to  establish  it  for  each  operation ;  in  practice. 
It  is  also  convenient  to  use  a  second  standard  sam- 
ple, in  order  to  check  the  required  compliance  with 
the  linear  law. 

The  extinction  readings  are  taken  at  540  m/*.  The 
intense  yellow  color  of  the  blank  does  not  interfere 
since,  at  that  wavelength,  corresponding  to  maximum 
absorption  of  the  rubro-curcumin,  curcumin  itself 
does  not  absorb  appreciably. 

The  corresponding  extinctions  are  calculated  from 
the  transmittance  values  and  a  straight  line  is  drawn 
as  a  function  of  the  boron  concentrations.  The  boron 
content  of  the  sample  is  determined  by  the  position 
of  its  optical  density  or  extinction  along  the  line. 

EXPERIMENTAL  PART 
Recovery  of  Boron   by   Distillation 

The  quantitive  recovery  of  boric  acid  by  forma- 
tion of  the  methyl  ester  and  distillation  of  same  has 
very  clearly  been  proved.  Sandell11  quotes  Land- 
mark to  the  effect  that  0.1  y  are  recovered  by  distil- 
lation. Yoe  and  Grob13  found  in  a  group  of  15  dis- 
tillation of  approximately  7  y,  an  average  loss  no 
greater  than  1.65%  (0.12  y).  Our  recovery  rates 
also  were  of  the  same  order.  In  the  following  experi- 


ments, the  blanks  and  standard  are  distilled,  and 
subjected  to  analytical  processes  together  with  "di- 
rect" samples  (not  distilled),  containing  the  same 
amounts  of  boron.  The  results  may  be  seen  in 
Table  I. 

Spectral  Absorption  of  the  Complex 

Prepare  a  sample  with  2  y  boron  and  a  blank, 
both  containing  the  same  amount  of  curcumin.  Deter- 
mine their  extinctions  between  485  and  600  m/x, 
and,  by  calculating  the  differences  between  them, 
draw  the  absorption  curve  of  the  complex,  which 
shows  a  maximum  at  540  m/i. 

It  should  be  pointed  out  that  the  curcumin  con- 
sumed in  the  formation  of  rubro-curcumin  represents 
about  1.3%  of  the  total  added,  and  this  was  taken 
into  consideration  when  drawing  up  Fig.  3,  Fig.  2 
and  Table  II. 

Compliance  with  Beer's  Law 

Figure  3  shows  the  results  of  some  experiments. 
Jt  may  be  observed  that  the  gradients  of  the  lines 
are  substantially  different,  due  to  unequal  drying 
times.  The  samples  of  straight  line  3  had  2  ml  sodi- 
um hydroxide,  as  compared  with  0.2  ml  for  the  other 
two. 

Influence  of  Drying  Time 

This  is  shown,  in  Tables  III  and  IV,  and  Fig.  4. 
The  differences  in  drying  time  were  obtained  by 
using  quartz  containers  of  different  cross  sections 

Table  I 


Sample       Boron  added,  Boron  recovered, 

Difference 

no. 

y                  y 

y 

1 

0                   0 

-0 

2 

0.10               0.14 

4-0.04 

3 

0.10                0.06 

-0.04 

4 

0  50                0.46 

-0.04 

5 

2.00                1  94 

-0.06 

6 

3.00                2.99 

-0.01 

7 

3.00                2.99 

-0.01 

8 

3.00                2.94 

-0.06 

Table  II 

X 

Curcumin 
extinction 

Fig.  1 

1.3%  (A)     Curcumin  Com- 
(B)           pUx  extinction 
Surplus  (C) 
Fig.  2 

Complex  extinction 
(C—AB)  -ID 

Fig.  3 

485 

0.780 

0.010            1.174 

0.404 

490 

0.466 

0.006           0.762 

0.302 

495 

0.284 

0.004            0.520 

0.240 

500 

0.177 

0.002            0.392 

0.217 

505 

0.112 

0.001            0.319 

0.208 

510 

0.077 

0.001            0.282 

0.206 

520 

0.041 

0.001            0.262 

0.216 

530 
540 
550 
560 
570 
580 

0.025 
0.018 
0.013 
0.009 
0.007 
0.002 

0.260 
n  ?AA 

0.235 
0.246 
0.239 
0.206 
0.142 
0.090 

U.£O*r 
H  ?5? 

\J,£,O£, 

--—            0.215 
01/10 

,\.Vy 

0.092 

590 

0.002 

—  —  —  —                U.Uo4 

0.052 

600 

0.001 

0.018 

0.017 
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for  each  series,  instead  of  using  platinum  dishes  and  the  drying  time  of  each  was  registered.   In  the 

(Table  III),  or  of  surrounding  each  capsule  of  the  two  dishes  containing  duplicates,  drying  was  slower 

'slow  series"  with  another  (Table  IV).  Evapora-  The  straight  line  of  the  extinction  curve  shows 

tions  were  initiated  simultaneously,  and  the  samples  the  consistency  of  the  data  obtained  with  the  simul- 

were  removed  as  they  reached  the  dry  state.  taneously  dried  dishes. 

In  order  to  decide  whether  the  important  factor 

was  the  actual  drying  time  or  the  total  time  in  the  Sensitivity,  Precision 

thermostat,  the  experiment  shown  on  Table  V  and  Expressed  according  to  Sandell11  and  estimating 

Fig.  5  was  undertaken.  Platinum  dishes  of  the  same  on  the  basis  of  line  2  of  Fig.  3  (slit  •  10  mm),  the 

cross  section  were  used.  In  them,  samples  were  then  sensitivity  obtained  is  0.00014  y/cm2. 

prepared  which  had  increasing  boron  contents.  All  The  precision  of  the  method  is  determined  by  such 

the  dishes  remained  in  the  thermostat  for  65  minutes,  critical  factors  as  simultaneity  of  evaporation  and 
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Table  III 

fix  the  exact  details  of  the  technique  which  were  to 
be  observed. 
Special  consideration  was  given  to  the  influence 
of  the  drying  time  in  the  development  of  colors, 
observing  the  following: 
The  condition  of  simultaneous  evaporation  of  the 
dishes  is  very  critical  in  this  phase  of  the  process,  if 
consistent  data  are  to  be  obtained. 
The  color  intensity  increases  as  the  drying  time 
decreases  ;  therefore,  the  use  of  platinum  equipment 
is  indicated  in  order  to  achieve  greater  sensitivity. 
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Series                                   A                      B                      C 

Boron,  7                               3       3         3       3         3        3 
1  +  4  hydrochloric  acid      0.2     0.2      0.1     0.1       0.1     0.1 
Redistilled  water,  ml           0.2     0.2      0.3     0.3      0.3     0.3 
Curcumin  solution,  ml         55          55          55 
Drying  time,  min                 90      155      70      125      70      120 
Extinction  difference               0.569           0.589           0.596 

Table  IV 

Boron          Drying  time.                   Reading 
Series                                             min                  %  T                   D 

0                  45             100               0 
A                      2                   45               27.5            0.560 
4                  45                 7.5            1.125 
6                  45                 2               1.699 
0                  45             100              0 
B                       2                   75               40               0.398 
4                 100               18              0.745 
6                 110               13               0.866 

Table  V 

Sample              Boron               DryinR  time       Transmitlance    Extinction 
no.                                                                              %  T                    D 

1                   0                  50  min               100.-           0 
2                  1                 50  min               66.             0.180 
3                   2                  50  min                47.5           0.323 
4                   3                  50  min                30               0.523 
5                   4                 50  min                21               0.678 
6                  4                 65  min                77.5           0.111 
7                   5                 50  min                14.5            0.839 
8                   6                  50  min                  9               1.046 
9                   6                  60  min                 36               0.444 

smallness  of  the  losses  during  distillation.    In  our 
experiments  we  have  been  able  to  keep  the  total 
error  under  0.06. 

CONCLUSIONS 

The  process  described  is  not  essentially  different 
from  those  of  other  authors  mentioned  in  the  refer- 
ences. Our  objective  was  the  application  of  this  tech- 
nique to  the  estimation  of   boron  in  uranium  and 
graphite,  to  study  the  variables  which  had  a  decid- 
ing influence  on  securing  the  correct  data,  and  to 

Separation  and  Determination  of  Zirconium 
in  Samples  of  Uranium  and  Beryllium 

By  J.  F.  Possidoni  de  Albinati  and  J.  H.  Capaccioli,*  Argentina 


In  a  recent  article1  Grimaldi  and  White  mentioned 
the  use  of  dimethylamino-azo  phenylarsonic  acid 
(pararsonic  acid)  as  a  selective  precipitant  for  Zr. 
With  this  reagent,  the  authors  succeeded  in  directly 
separating  microquantities  of  this  element  and  they 
applied  the  technique — following  precipitation  of  the 
hydroxides  using  iron  as  a  carrier,  and  prior  to  col- 
orimetry  with  quercetin — to  the  determination  of 
zirconium  in  silicate.  Under  the  conditions  of  work 
described,  the  specificity  of  pararsonic  acid  as  regards 
the  separation  of  zirconium  from  the  remaining  ele- 
ments of  Group  4B  (except  hafnium)  is  very  high, 
and  it  has  also  been  mentioned  that  an  efficient  sepa- 
ration of  many  other  elements  is  achieved,  among 
which  uranium  and  beryllium  (up  to  50  mg  of  UaOg 
andBeO). 

An  attempt  was  made  to  extend  the  application 
of  the  separation  process  to  much  larger  quantities 
of  uranium  and  beryllium,  in  order  to  determine  the 
zirconium  content  by  applying  a  colorimetric  tech- 
nique with  hydroxyanthraquinone. 

The  colorimetric  techniques  which  use  sodium  aliz- 
arine-sulfonate  and  quinalizarine  were  used  in  this 
sense.  Preference  was  given  to  the  first  product  and, 
accordingly,  a  study  was  made  of  the  behavior  of 
the  elements  which  are  most  frequently  encountered 
in  the  solution  in  which  zirconium  is  being  estimated, 
when  separated  from  the  samples  reviewed  in  this 
work. 

It  should  be  pointed  out  that  the  technique  does 
not  provide  for  discrimination  between  zirconium 
and  hafnium,  so  that,  with  the  proposed  technique, 
the  results  obtained  represent  the  sum  of  both  ele- 
ments. The  chemical  separation  of  zirconium  and 
hafnium  is  extremely  difficult;  until  recently,  resort 
was  had  to  the  tedious  fractional  crystallization  tech- 
nique of  potassium  fluozirconiates  and  fiuohafniates, 
or  to  the  repeated  fractionation  and  precipitation  of 
the  corresponding  phosphates.  Recently,  fractionating 
methods  were  offered  for  these  elements  by  ionic 
interchange  on  resins;2  those  methods  are  in  full 
development,  they  apply  to  complex  cations  or  anions. 
A  separation  based  on  selective  extraction  with 
thenoyltrifluoracetone  and  other  /?-diketones  also 
was  offered  as  a  means  of  effecting  this  separation. 
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With  respect  to  the  hydroxyanthraquinones,  one 
gram  of  zirconium  is  spectrophotometrically  equiva- 
lent to  2.55  grams  of  hafnium,4  upon  finding  the 
value  corresponding  to  a  hundred  y  of  zirconium, 
and  assuming  a  ratio  of  Zr:Hf  =  95:5,  this  value 
will  correspond  to  the  effective  presence  of  94.3  of 
zirconium  and  5.3  y  of  hafnium. 

SEPARATION  OF   ZIRCONIUM 

In  general  outline,  the  technique  of  zirconium 
separation  is  that  used  by  the  authors  already  men- 
tioned.1 The  sample  of  uranium  or  beryllium,  as  the 
chloride,  is  dissolved  in  10  ml  of  hydrochloric  acid 
(1:1),  5  ml  of  a  0.3%  solution  of  pararsonic  acid 
in  hydrochloric  acid  (1*1)  are  added,  and  the  volume 
is  adjusted  to  50  ml.  Small  amounts  of  the  oxidizing 
agents  present  in  the  sample  will  destroy  the  reagent. 
In  order  to  avoid  this,  the  solution  is  treated  with 
hydroxylamine  before  it  is  added.  It  is  digested  at 
approximately  100°C  during  at  least  an  hour,  0.5  gm 
of  paper  pulp  treated  with  dilute  hydrochloric  acid 
(boiling)  are  added  and  then  washed  with  hot  water 
and  the  solution  filtered  on  a  fine  pore  paper.  Wash- 
ing is  carried  out  hot,  with  a  dilute  hydrochloric 
solution  of  pararsonic  acid. 

The  paper,  with  precipitate,  is  transferred  to  a 
platinum  crucible,  dried  and  calcined  at  a  tempera- 
ture of  no  more  than  500° C. 

The  oxide  is  dissolved  in  concentrated  sulfuric 
acid,  the  excess  is  removed,  the  sulfate  treated  with 
hydrochloric  acid  (1:1)  in  order  to  dissolve  it,  and 
zirconium  is  determined  by  colorimetry  in  the  re- 
maining solution. 

When  the  sample  contains  large  quantities  of  ura- 
nium, it  is  advisable  to  repeat  the  precipitations 
because,  in  the  first,  some  of  the  uranium  is  absorbed 
in  the  filter  paper  and  in  the  pulp,  which  gives  high 
values  in  the  colorimetric  determination  with  aliza- 
rine. 

In  a  series  of  precipitations  of  zirconium  in  sam- 
ples containing  two  grams  of  uranium,  the  results 
in  Table  I  were  obtained,  as  shown  on  the  following 
page. 

Table  II  shows  the  results  obtained  by  applying 
the  separation  technique  described  to  synthetic  sam- 
ples ;  colorimetric  determination  was  carried  out  with 
sodium. 
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SPECTROPHOTOMETRIC    DETERMINATION    OF 
ZIRCONIUM 

The  use  of  the  hydroxyanthraquinones  (alizarine, 
quinalizarine,  and  purpurines)  was  described  by 
Liebhafsky  and  Winslow.5  Other  authors0  use  the 
relevant  sulfone  derivatives,  which  offer  the  advan- 
tage of  being  soluble  in  water. 

In  this  work,  use  was  made  of  the  sodium  aliza- 
rine sulfonate. 

The  colorimetric  technique  includes  the  following 
steps : 

(a)  Transfer   the   hydrochloric   solution   of   zir- 
conium to  a  25  ml  beaker. 

(b)  Add  2.0  ml  of  the  0.1%  solution  of  sodium 
alizarine  sulfonate. 

(c)  Neutralize  with  concentrated  ammonium  hy- 
droxide until  the  reagent  shows  a  purple  color  (pH 
above  5.6). 

(rf)  After  two  minutes  (±J/2  minute)  neutralize 
the  excess  alkali  with  hydrochloric  acid  (1:5),  drop 
by  drop,  until  the  alizarine  changes  color. 

(e)  Add  0.20  ml  of  hydrochloric  acid  (1:1)  and 
bring  up  to  volume. 

(/)  Determine  the  optical  density  at  525  m//.  at 
the  end  of  30  minutes,  against  a  blank  with  the  same 
quantity  of  alizarine  treated  in  the  same  fashion. 

(g)  Compute*  the  quantity  of  zirconium  by  use 
of  the  calibration  curve  obtained  with  standards  of 
known  concentration. 

All  the  measurements  were  carried  out  on  a 
Unicain  spectrophotometer  model  SP  500. 

In  order  to  choose  the  optimal  wavelength  for 
the  determinations  to  be  made,  alizarine,  quinaliza- 
rine and  their  respective  zirconium  compounds 
were  used  (Figs.  1  and  2).  According  to  these  fig- 
ures, it  will  be  seen  that  the  wavelengths  which  are 
most  convenient  are:  (a)  for  the  determination  of 
zirconium  with  alizarine-sulf  onate :  525  ntyi;  (b)  to 
determine  zirconium  with  quinalizarine:  595  m/*. 
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Curve  A  :  alizarine  in  water 
Curve  B  :  alizarine  +  100  ^  of  Zr. 

Figure  1 


Sample 

Paper  pulp, 
gm 

U  retained, 
mg 

1 
2 
3 

caO.5 
caO.5 
caO.3 

3.0 
2.5 
28.9 

Table 


Sample 

Containing 

yof'/r 
adtled 

yofZr 
found 

Element 

mg 

1 





100 

100 

2 

U 

1000 

100 

111 

3 

U 

1000 

100 

112 

4 

U 

1000 

100 

100* 

5 

U 

5000 

100 

98* 

6 

U 

2000 

100 

101* 

Ti 

0.2 

Sn 

0.2 

V 

0.2 

Cr 

0.5 

Mo 

0.5 

W 

0.5 

Fe 

1 

Cu 

0.5 

Th 

1 

7 

Be 

1000 

10 

10 

8 

Be 

2000 

10 

8 

9 

Be 

1000 

100 

96 

Fe 

5 

Al 

2 

Ca 

5 

Mg 

5 

Si 

10 

10 

Th 

2 

100 
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*  Double  precipitation. 

Following  the  calibration  curves  obtained  with  the 
two  dyes  (Figs.  3,  4,  and  5)  one  can  deduce  that 
sensitivity  for  the  alizarine  and  quinalizarine  com- 
plexes is  0.013  y/cm2  respectively.  Despite  the 
greater  sensitivity  of  the  latter,  sodium  alizarine 
sulfonate  is  preferred  to  make  it  possible  to  operate 
in  an  aqueous  medium. 

The  spectrophotometric  determination  of  zirconi- 
um by  the  production  of  its  alizarine  complex  is 
influenced  by  the  presence  of  many  elements. 

A  special  study  was  made  of  the  effects  produced 
by  uranium,  beryllium,  iron,  and  thorium,  and  the 
tolerable  limit  for  the  other  elements  was  determined. 

Influence  of  Uranium 

It  will  be  noted  (Figs.  6  and  7),  that  the  presence 
of  uranium  has  a  certain  influence  in  zirconium  col- 
orimetry.  From  this,  one  may  come  to  the  conclu- 
sion that  zirconium  can  be  estimated  in  the  presence 
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Curve  A:  Quinalizarine  in  H2O-E-OH 


Curve  B:  Quinalizarine  +  50  ug  de  Zr 
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of  uranium,  as  long  as  the  reading  is  taken  against 
a  blank  using  the  same  quantity  of  uranium. 

It  is  clear,  from  Fig.  6,  that  it  is  possible  that  the 
first  fractions  of  uranium  consume  the  excess  of 
alizarine  present  in  the  solution,  and  for  this  reason, 
that  more  concentrated  solutions  of  this  element  do 
not  absorb  proportionally  more  light.  Thus,  when 
zirconium  is  determined  before  separation  of  the 
uranium,  it  is  necessary  to  carry  out  reprecipitation, 
in  order  to  eliminate  the  small  quantities  of  urani- 
um which  might  be  retained  in  the  paper.  On  the 
other  hand,  when  zirconium  is  determined  in  the 
presence  of  quantities  of  uranium  greater  than  0.1 
gm,  it  is  not  of  critical  importance  that  the  blank 
contain  exactly  the  same  quantity  of  the  latter  as 
does  the  sample,  as  long  as  the  differences  remain 
within  a  decigram. 
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Influence  of  Beryllium 

In  the  colorimetric  determination  of  zirconium, 
quantities  of  the  order  of  some  nig  of  beryllium  are 
not  relatively  disturbing.  In  tests  carried  out  with 
up  to  10  nig  of  beryllium,  the  error  in  the  determina- 
tion of  50  y  of  zirconium  was  3  y  in  excess. 

The  quantities  of  beryllium  which  remain  after 
separation  of  the  zirconium  with  "pararsonic"  acid 
were  determined  colorimetrically,  and  are  those  in 
Table  TIL 


Sample 

Beryllium  in  the 
sample  (gm) 

Paper  pulp 
(ff*n) 

Beryllium 
retained  (0m) 

1 
2 
3 

0.5 
1.0 

2.0 

caO.5 
caO.5 
caO.5 

0.75 
1.50 
1.75 

Influence  of  Iron 

Iron,  in  the  ferric  form,  has  an  appreciable  in- 
fluence. Being  added  to  a  solution  containing  aliza- 
rine, it  produces  a  compound  which  absorbs  light 
over  a  wide  range  of  wavelengths.  Figure  8  shows 
the  absorption  spectrum  obtained  with  10  mg  of  fer- 
ric iron  and  2  ml  of  a  0.1%  solution  of  sodium  aliza- 
rine sulfonate  in  25  ml.  The  influence  this  has  at 
525  m/A  is  considerable.  The  influence  of  iron  can 
be  eliminated  by  reducing  it  to  the  ferric  form  with 
a  suitable  reducing  agent.  Figure  9  shows  the  value 
obtained  in  a  series  of  determinations  using  hydro- 
xylamine  hydrochloride  and  thioglycolic  acid  as  re- 
ducing agents. 

In  general,  it  seems  preferable  to  use  the  second, 
since  it  is  not  sought  to  regulate  the  acidity  with 
special  care. 

Effects  of  Thioglycolic  Acid 

It  has  been  verified,  in  the  first  place,  that  con- 
centrations up  to  \%  in  the  final  solution  do  not 
cause  appreciable  modifications  in  the  values  obtained 
for  zirconium. 

An  investigation  was  made  of  the  influence  of 
thioglycolic  acid  with  respect  to  uranium,  iron  and 
beryllium,  which  are  the  elements  who  presence  is 
most  frequent  in  the  solutions  in  which  zirconium 
is  determined. 
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Absorption  spectrum  of  alizarine  +  Fe  (HI) 
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In  the  case  of  uranium,  it  is  particularly  impor- 
tant, since  it  is  possible  to  evaluate  the  zirconium  in 
its  presence,  and  iron  is  one  of  the  most  common 
impurities.  On  Fig.  10,  we  show  the  values  obtained 
as  these  points  were  investigated. 

Thereafter,  the  influence  of  this  reducing  agent 
in  systems  using  iron  and  iron-zirconium  was  re- 
viewed. The  results  are  shown  on  Fig.  11.  The 
optimal  concentration  of  thioglycolic  acid,  for  quan- 
tities of  the  order  of  4-5  mg  of  iron,  is  between 
0.2  and  OA%.  It  is  worth  noting  that,  above  these 
concentrations,  the  values  of  the  optical  densities 
obtained  for  the  zirconium-iron  systems  are  abnor- 
mally high. 

If  there  is  some  beryllium  in  the  solutions  in  which 
zirconium  is  determined,  the  iron  which  may  also 


be  present  cannot  be  reduced  with  thioglycolic  acid. 
This  is  clear  from  a  study  of  the  curves  shown  on 
Fig.  12. 

Influence  of  Thorium 

According  to  Grimaldi  and  White1  the  thorium 
precipitates  in  very  small  proportions  with  parar- 
sonic  acid;  these  authors  only  find  5  y  of  thorium 
dioxide  in  a  test  made  with  10  mg.  In  the  experi- 
ments carried  out,  these  conclusions  are  confirmed 
for  a  few  mg  of  thorium  (see  Table  I).  However 
zirconium  might  have  to  be  determined  in  samples 
which  are  much  richer  in  thorium,  the  coprecipitation 
of  this  element  might  then  be  significant,  so  that  it 
is  interesting  to  know  the  error  which  the  presence 
of  thorium  causes  in  the  determination  of  zirconium. 
In  Table  IV,  we  show  the  results  obtained  with  mix- 
tures of  zirconium  and  thorium,  by  applying  the 
colorimetric  process  with  sodium  alizarine  sulfonate. 
It  is  demonstrated  that  a  greater  hydrochloric  acidity, 
while  it  reduces  the  sensitivity  of  the  reaction  with 
respect  to  the  zirconium,  nearly  totally  eliminates  the 
effect  of  up  to  more  than  1  mg  of  thorium. 

Influence  of  Other  Elements 

Other  elements  which  interfere  with  the  colori- 
metry  of  zirconium  are  shown  in  Table  V. 

CONCLUSIONS 

(a)  It  can  be  shown  that  the  precipitation  of  zir- 
conium with  pararsonic  acid  makes  it  possible  to 
carry  out  efficient  separation  of  the  latter  from  quan- 
tities of  uranium  and  beryllium  running  to  a  few 
grams. 

(b)  This  separation  is  effective  even  in  the  presence 
of  some  milligrams  of  thorium,  cerium,  lanthanum, 
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Table  IV 

titanium,  tin,  copper,  chromium,  iron,  aluminum,  cal- 

Zr (   \ 

Th  (<y)          Acidity  (N) 

D 

cium,  magnesium,  molybdenum  and  tungsten. 

\y) 

(c)  It  can  be  shown  that  the  direct  colorimetry 

50 

0                    0.25 

0.127 

of  zirconium  is  possible  in  the  presence  of  uranium, 

50 
50 

0                0.50 
0                1.25 

0.115 
OQCQ 

if  a  blank  is  used  having  the  same  quantity  of  U. 

50 

100                0.25 

v/.Uw" 

0.184 

(d)  A  study  is  made  of   the  effect  of  uranium, 

50 

100                0.50 

0.122 

iron,  beryllium  and  thorium  in  the  colorimetry. 

50 

100                 1.25 

0.064 

(e)  Thioglycolic  acid  is  convenient  to  use  to  elimi- 

50 

1200                0.50 

0.213 

nate  any  interference  from  ferric  iron,  but  it  cannot 

50 

1200                1.25 

0.059 

j                                                   r 
be  used  in  the  presence  of  beryllium. 
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Determination  of  Mi croquan titles  of  Cadmium  in  Uranium 

By  Rafael  H.  Rodrfguez  Pasqu6s  and  Julia  F.  Possidoni  de  A I  binati/ Argentina 


Present  chemical  methods  for  determining  traces 
of  cadmium  are  divided  into  the  polarographic1  and 
the  colorimetric2  methods.  Among  the  latter  are 
nephelometric  determination  by  precipitation  as  bruc- 
ine  iodocadmiate,3  the  decrease  in  absorption  at  241 
HI/A  for  1,10-phenanthroline  due  to  the  cadmium  pres- 
ent,4 and  spectrophotometry  of  the  red-colored  com- 
pound of  cadmium  with  diphenylthiocarbazone/'-8 

We  studied  this  last  procedure  and  its  application 
to  the  determination  of  cadmium  in  uranium.  In 
general  outline  the  technique  follows  that  given  by 
Rodden,10  but  we  have  considered  the  variables  that 
notably  affect  the  sensitivity  of  the  method. 

The  Cd  contained  in  a  NaOH  solution  combines 
with  diphenylthiocarbazone  (dithizone)  dissolved  in 
carbon  tetrachloride,  producing  a  pink  compound 
that  is  soluble  in  that  solvent  (cadmium  dithizonate). 
The  color  intensity  depends  on  the  amount  of  Cd 
present,  and  is  compared  by  spectrophotometry  at 
520  m/x. 

2C0H5  —  N  =  N  —  CS  —  NH  —  Nil  — 
CeH5 


NH-N 


N=N' 


N-NH 


\ 


\ 


C=8  +  2H+ 


'N 


N 


The  dithizone  that  does  not  combine  with  the  Cd 
remains  dissolved  in  the  aqueous  phase  as  an  alkaline 
dithizonate,  and  hence  its  intense  green  color  does 
not  interfere.  Denoting  dithizone  by  DZH 

DZH  +  NaOH  ?±  NaDZ  +  H2O 

Dithizone  can  also  combine  with  many  other  met- 
als, but  if  the  solution  of  the  dithizonates  is  shaken 
with  very  dilute  hydrochloric  acid,  which  selectively 
decomposes  Cd  dithizonate,  the  latter  metal  passes 
into  the  aqueous  phase,  separating  from  the  others, 
and  under  suitable  conditions  the  color  develops,  the 
intensity  being  measured  spectrophotometrically. 
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REAGENTS  AND  APPARATUS 

The  reagents  and  material  employed,  as  well  as 
the  water  used  to  prepare  them,  should  be  free  of 
impurities  capable  of  producing  red  dithizonates. 

Ammonium  citrate  50%:  79.3  gm  of  citric  acid 
are  dissolved  in  a  small  amount  of  water;  concen- 
trated ammonia  is  added,  with  stirring,  until  there 
is  an  incipient  smell  of  ammonia  (80-85  ml).  It  is 
cooled  and  diluted  to  200  ml.  This  solution  is  purified 
by  extraction  with  an  0.020%  solution  of  dithizone 
until  it  is  free  of  metals,  i.e.,  to  the  point  where, 
upon  being  shaken  with  portions  of  dithizone  solu- 
tion, the  latter  keeps  its  green  color. 

Ammonium  citrate  10%  :  by  dilution  of  the  above 
with  distilled  water. 

Concentrated  ammonia :  analytically  pure. 

Thymol  blue  indicator:  0.1  gm  of  thymol  blue  is 
dissolved  in  2  ml  of  AT/10  NaOH  and  5  ml  of  90% 
alcohol,  and  diluted  to  250  nil  with  20%  alcohol. 

Carbon  tetrachloride:  purified  by  distillation  and 
washed  with  20%  sodium  hydroxide ;  separated  from 
the  aqueous  solution  by  passing  through  a  filter 
moistened  with  carbon  tetrachloride,  and  stored  over 
caustic  soda  pellets. 

Dithizone,  0.020%) :  20  mg  of  diphenylthiocarba- 
zone is  dissolved  in  100  ml  of  carbon  tetrachloride, 
and  shaken  with  55  ml  of  10%  ammonium  hydrox- 
ide. The  organic  layer  is  discarded  and  the  residue 
is  washed  with  25  ml  of  carbon  tetrachloride,  which 
is  also  discarded. 

Dithizone  solutions  of  higher  dilution:  these  are 
prepared  from  the  above  at  the  moment  of  use,  dilut- 
ing with  carbon  tetrachloride. 

Hydrochloric  acid  AT/100 :  by  dilution  of  hydro- 
chloric acid  for  analysis. 

Standard  cadmium  solution:  a  mother  solution 
containing  100  y/ml,  is  first  obtained  by  dissolving 
anhydrous  cadmium  sulfate  (gentle  heating)  and 
then  diluting  to  1  y/ml  with  AT/10  hydrochloric  acid. 

Decanting  flasks  of  Pyrex  glass,  150  and  250  ml: 
Should  be  free  of  organic  matter. 

The  spectrophotometer  used  was  the  Unlearn 
SP  500  with  10  mm  cells. 

GENERAL    PROCEDURE 

The  cadmium  should  have  been  extracted  from  the 
solution  containing  it.  To  this  end,  the  solution  is 
raised  to  a  pH  above  9.5  with  ammonium  hydroxide, 
using  thymol  blue  as  indicator;  5  ml  of  concentrated 
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ammonia  are  added,  and  it  is  diluted  to  100  ml.  It 
is  repeatedly  stirred  in  a  150  ml  flask  with  10-20  ml 
portions  of  0.020%  dithizone  until  one  of  these  por- 
tions keeps  its  emerald  color.  The  organic  phases 
are  separated. 

All  the  organic  extracts  are  combined  in  another 
flask  and  washed  by  stirring  with  10  ml  portions  of 
distilled  water  (an  auxiliary  flask  is  used)  until  the 
aqueous  phase  remains  colorless.  The  washings  are 
discarded. 

The  organic  solution,  which  may  contain  dithi- 
zonates  of  various  metals,  is  stirred  for  a  long  time 
with  a  single  10  ml  portion  of  Af/lOO  hydrochloric 
acid.  The  organic  phase  is  discarded;  the  cadmium 
remains  in  the  aqueous  phase,  and  may  be  accom- 
panied by  zinc,  lead,  thallium,  and  traces  of  copper 
and  nickel. 

The  aqueous  solution  is  washed  with  5  ml  portions 
of  0.002%  dithizone  solution,  which  extracts  the 
metals  as  long  as  the  washings  are  green.  The  wash- 
ings are  discarded.  All  the  dithizone  is  eliminated  by 
stirring  with  small  portions  of  carbon  tetrachloride 
until  the  solution  is  no  longer  green. 

The  cadmium  should  not  remain  in  the  form  of 
the  dithizonate  for  a  long  time,  since  dithizonate 
solutions  and  dithizone  itself  are  not  very  stable. 
Accordingly,  each  of  the  substances  or  samples 
should  be  put  through  the  process  described  above 
with  no  interruptions  and  be  put  aside  temporarily 
upon  reaching  this  point,  so  that  the  process  may  be 
recommenced  with  another  sample. 

At  this  point  the  cadmium  is  in  10  ml  of  JV/100 
hydrochloric  acid.  Color  development  is  now  per- 
formed: 5  ml  of  10%  ammonium  citrate  and  exactly 
5  ml  of  freshly-prepared  dilute  dithizone  are  added 
to  the  N/ 100  hydrochloric  acid  solution.  A  con- 
venient concentration  is  0.004%. 

Five  ml  of  20%  sodium  hydroxide  solution  is 
added  and  the  whole  is  stirred  for  a  few  seconds. 
This  results  in  the  formation  of  cadmium  dithizonate, 
pink  in  color,  dissolved  in  the  carbon  tetrachloride. 
The  solution  of  cadmium  dithizonate  is  passed  rap- 
idly through  a  dry  filter  paper  into  the  cell,  and  then 
the  optical  density  at  520  m/x  is  read  by  comparison 
with  a  blank  without  cadmium  and  with  standard 
solutions  containing  known  amounts  of  the  metal  that 
have  undergone  the  same  processing  as  the  sample. 

The  spectrophotometer  reading  should  be  taken 
rapidly  since  the  colors  are  not  stable. 

For  this  reason,  as  well  as  for  others  that  will  be 
set  forth  later,  it  is  inappropriate  to  draw  up  a 
definitive  photometric  calibration  curve. 

The  color  intensity  satisfies  Beer's  law,  and  there- 
fore it  suffices  to  add  to  the  samples  a  single  known 
substance  containing  cadmium,  the  extinction  of 
which  enables  us  to  plot  a  straight-line  function  of 
the  concentration  of  the  metal. 

DETERMINATION  OF  CADMIUM  IN  URANIUM 

Since  cadmium  has  a  large  capture  cross-section 
for  thermal  neutrons,  it  is  necessary  to  be  able  to 
determine  amounts  of  the  order  of  10~7  gm/gm  or 


less;  in  view  of  the  fact  that  the  method  can  detect 
one-fourth  of  one  y,  some  3  gm  of  uranium  must  be 
worked  with,  if  the  latter  is  in  a  very  pure  state. 

The  uranium  should  be  converted  to  uranyl  nitrate 
or  another  uranyl  salt,  dissolved  in  very  little  water. 
In  order  to  keep  it  in  solution  at  the  high  working 
pH,  10  ml  (or  a  larger  volume,  if  required)  of  50% 
ammonium  citrate  solution  is  added. 

From  this  point  on  the  general*  procedure  is  ap- 
plied. 

EXPERIMENTAL 

Spectral    Absorption   of   Cadmium 
Dithizonate  (Cadmium  4  y) 

The  red  compound  was  obtained  with  the  use  of 
0.004%  dithizone.  The  readings  were  checked  against 
a  blank  treated  in  the  same  way  as  the  specimen 
containing  cadmium.  Results  in  Fig.  1. 

Application  of  the  Process  to  Pure  Cadmium 
Specimens 

The  extinction  straight  line  of  Fig.  2  shows  the 
applicability  of  the  general  method.  Only  metals  pres- 
ent :  cadmium  and  sodium. 

Application  of  the  Process  to  Specimens  with 
Uranium  Present 

The  results  are  given  in  Fig.  3.  The  first  step  was 
purification  of  a  uranyl  nitrate  solution  by  dithizone, 
in  the  presence  of  ammonium  citrate  and  ammonia, 
to  eliminate  any  cadmium  that  might  be  present  as 
an  impurity.  This  purified  uranium  was  then  dis- 
tributed among  various  specimens.  Several  experi- 
ments similar  to  the  one  described  were  performed, 
resulting  in  straight  lines  with  varying  slopes. 

Influence  of  Light 

We  intended  to  plot  a  calibration  curve,  but  the 
graphs  obtained  did  not  coincide;  the  cause  of  the 
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divergencies  had  to  be  found.  The  literature  con- 
tains references  to  the  instability  of  dithizone  and 
the  dithizonates  to  light.11* 12* 13  Accordingly,  this 
effect  was  studied  with  four  identical  ''pure"  speci- 
mens, each  containing  5  y  of  cadmium.  Specimens 
I  and  II  were  always  handled  in  strong  light,  and 
Specimens  III  and  IV  in  the  dark.  The  colors  ob- 
tained were  compared  with  a  blank  test,  using  car- 
bon tetrachloride  (Table  I). 

We  see  that  the  difference  in  illumination  did  not 
introduce  any  significant  operational  change  under 
the  prescribed  conditions. 


Variations   in    Uranium   Concentration 

It  was  found  that  the  results  do  not  depend  on 
the  uranium  concentration,  as  is  shown  in  Table  II. 

In  both  series  the  uranium  added  was  previously 
purified  with  dithizone.  The  colors  were  brought  out 
with  0.004%  dithizone. 

Influence  of  the  Dithizone  Concentration 

We  have  seen  that  as  a  rule  the  photometric  curves 
do  not  coincide.  One  possible  cause  was  that  the 
color  intensity  produced  might  vary  with  the  con- 
centration of  dithizone  employed  to  develop  it.  It 
was  found  that  this  was  actually  the  case,  as  is  clear- 
ly brought  out  by  the  data  of  Table  III  and  the 
corresponding  Fig.  4. 

The  explanation  for  the  influence  of  the  reagent 
concentration  lies  in  the  fact  that  the  reaction  be- 
tween the  cadmium  and  the  dithizone  reaches  a  chem- 
ical equilibrium: 

2DZH  +  Cd++  *±  DZ2Cd  +  2H+ 

The  accumulation  of  high  concentrations  of  dithi- 
zone tends  to  shift  the  reaction  to  the  right :  a  higher 
dithizonate  concentration  is  obtained,  and  hence  a 
more  intense  color. 

It  is  evident  from  Fig.  4  that  low  dithizone  con- 
centrations should  not  be  used  in  this  work,  since 
they  result  in  pale  colors  and  since  small  variations 
in  the  concentration  have  more  of  an  effect  on  the 
values  of  the  corresponding  transmittances.  High 

Table  I 


Specimens 


Cadmium 


Light 


Blank 

Specimen  I 
Specimen  1 1 
Specimen  TIT 
Specimen  IV 


57 
57 
57 
57 


Strong 
Strong 
Weak 
Weak 


JT.  % 

100 
24.0 
23.5 
24.5 
24.5 


Table  II 


Specimens  (each  containing 
4  7  cadmium) 


Transmittances, 
%T 


Blank  (no  Cd) 
0  gni  uranium 
2  gm  uranium 
4  gm  uranium 
6  gm  uranium 


100 
37 
36.5 
38 
37 


Table  III 


Pair 

Cd 
solution 

intf/iO      N/10    H.O 
HCl,ml    ml 

C0nc«n- 

tration  of       10% 
dithiaone  in  citrate, 
CClk>  %        ml 

20% 
,  NaOH, 
ml        T,  % 

A 
B 
C 
D 

4 
4 

4 

4 

4 
4 
4 
4 

6 
6 
6 
6 
6 
6 
6 
6 

0.001 

0.001 
0.002 
0.002 
0.004 
0.04 
0.008 
0.008 

5 
5 
5 
5 
5 
5 
5 
5 

5 

5 
5 
5 
5 
5 
5 
5 

100 
80 
100 
51.5 
100 
335.5 
100 
30 
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concentrations  of  the  reagent,  on  the  contrary,  give 
the  dithizonate  solution  yellowish  tones  and  make  it 
necessary  to  operate  with  comparatively  wide  slits 
because  the  corresponding  blanks  are  relatively  dark 
(yellowish).  Accordingly,  0.004-0.006%  appear  to 
be  the  most  favorable  concentrations. 

Another  set  of  experiments  was  devoted  to  a  study 
of  the  variation  of  range  of  the  method  as  a  func- 
tion of  the  concentration  of  the  dithizone  solution 
employed  in  the  final  phase  of  the  process. 

Three  identical  series  of  specimens  containing  cad- 
mium were  subjected  to  color  development  with 
0.006%,  0.002%  and  0.001%  dithizone  solutions 
(Fig.  5). 

The  curves  show  that  linearity  of  concentration 
vs  extinction  no  longer  exist  for  diminishing  per- 
centages of  cadmium  as  more  dilute  solutions  of  the 
reagent  are  employed. 

Consequently,  the  values  obtained  and  the  range 
of  the  process  depend  on  the  variable  under  con- 
sideration. The  same  is  true  of  the  sensitivity;  cal- 
culating the  latter  according  to  Sandell,11  we  find 
it  to  be  0.002  y/cm2. 

Stability  of  the  Colors  Obtained 

Our  experimental  work  indicated  that  the  inten- 
sity of  the  cadmium  dithizonate  color  is  not  stable, 
as  Sandell11  has  pointed  out.  Figure  6  represents  the 
phenomenon  over  a  period  of  time.  Because  of  this 
instability  the  readings  should  be  conducted  without 
losing  time,  within  five  minutes  after  the  color  has 
developed. 

The  traiismittances  were  measured  against  a  blank 
that  went  through  the  entire  process.  T  of  the  blank: 
100%  (cadmium  content:  4  y). 

Dilution  of  the  Cadmium  Dithizonate  Solution 

We  endeavored  to  find  out  whether  Beer's  law  is 
satisfied,  in  order  to  determine  whether  it  is  admis- 
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sible  practice  to  dilute  the  solution  in  order  to  meas- 
ure the  transmittance  in  the  event  the  colors  obtained 
are  too  intense.  We  found  that  the  dithizonate  de- 
composed completely  upon  dilution  with  carbon  tetra- 
chloride  and  the  green  color  of  the  reagent  reap- 
peared. The  question  then  arose  whether  decomposi- 
tion was  due  to  the  presence  of  some  acid  impurity 
in  the  solvent.  We  decided  to  wash  the  solvent  with 
sodium  hydroxide  before  using,  and  keep  it  there- 
after in  contact  with  pellets  of  sodium  hydroxide. 
Correct  data  were  obtained  when  this  carbon  tetra- 
chloride  was  used  as  the  diluent,  as  can  be  seen  from 
Fig.  7  and  8,  which  refer  to  a  cadmium  dithizonate 
sample  of  "c"  concentration,  and  to  its  dilutions  to 
one-third  and  two-thirds  with  plain  solvent  and  with 
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Table  IV 


Transmtotancet,  % 


Series  I 

Series  II 

Blank                     100 
0  7  of  Zn                  35.5 
200  7  of  Zn              35 
400  7  of  Zn              37 
6007ofZn              — 

100 
42 

41 
41 

Table  V 

Specimens                         T,  % 

Blank 
4  7  cadmium 
4  7  cadmium  -f-  2  ing  Tl 

100 
30.5 
30.5 

solvent  washed  with  soda.  The  comparisons  were 
made  against  a  carbon  tetrachloride  blank.  For  both 
series,  the  measurements  were  repeated  after  a  lapse 
of  about  20  minutes  in  each  case,  the  readings  being 
used  to  plot  the  graph.  This  graph  shows  that  al- 
though fading  always  occurs,  it  does  so  more  slowly 
when  washed  carbon  tetrachloride  is  used  for  dilu- 
tion, the  corresponding  curve  staying  fairly  close 
to  Beer's  law.  Summing  up,  it  is  advisable  and  some- 
times essential  to  wash  the  carbon  tetrachloride  with 
caustic  soda,  especially  when  it  is  to  be  used  as  a 
diluent. 

Zinc  Interference 

The  only  interference  possible  at  the  high  pH  at 
which  the  cadmium  dithizonate  is  formed  is  that  of 
zinc.10  We  confined  ourselves  to  verifying  the  fact 
that  Cd:Zn  ratios  as  high  as  4:600  have  no  effect 
on  the  cadmium  data  obtained  when  uranium  is  pres- 
ent, as  can  be  seen  from  Table  IV. 

Thallium  Interference 

Some  procedures,  differing  from  the  one  we  ex- 
plored, require  a  special  modification  if  there  is  thal- 


lium present.0  However,  this  is  unnecessary  when 
employing  the  technique  with  which  the  present  paper 
deals.  If  there  is  thallium  present  alongside  the  cad- 
mium, it  interferes  seriously  (although  its  dithi- 
zonate decomposes  quickly),  but  separation  with 
A/y  100  hydrochloric  acid  effectively  separates  the 
cadmium  from  the  thallium  and  prevents  it  from 
interfering.  The  following  experiment  (Table  V) 
shows  this.  The  specimens  went  through  the  entire 
process. 

Selectivity  of  Decomposition  of  Cadmium 
Dithizonate  with  N/100  HCI 

Upon  extracting  the  cadmium  in  the  presence  of 
zinc,  we  found  that  all  the  cadmium  dissolves  in  the 
Af/lOO  hydrochloric  acid  in  a  single  extraction,  al- 
though the  organic  phase  does  not  recover  the  emer- 
ald green  color;  in  other  words,  in  the  presence  of 
dithizonates  of  cadmium  and  zinc,  for  example,  the 
acid  selectively  decomposes  the  cadmium  dithizonate 
and  extracts  the  ion  all  at  once,  even  though  the  zinc 
is  present  in  a  much  higher  concentration. 

This  was  formally  substantiated  by  washing  car- 
bon tetrachloride  solutions  of  dithizonates  of  cad- 
mium and  of  zinc  (cadmium:  4  y;  zinc  400  y  and 
600  7)  with  several  portions  of  Ar/100  hydrochloric 
acid  and  developing  the  color  of  the  cadmium  dithi- 
zonate separately  for  each  portion  under  suitable 
conditions.  The  only  portions  that  contained  cad- 
mium were  the  first  portion  in  each  case,  and  the 
recovery  of  Cd  was  complete.  In  the  thallium  experi- 
ment as  well,  the  cadmium  is  recovered  quantitatively 
in  a  single  extraction  with  10  ml  of  JV/100  acid. 

CONCLUSIONS 

A  study  was  made  of  the  dithizone  method  of 
determining  traces  of  cadmium.  It  was  observed  that : 

1.  The  concentration  of  the  dithizone  solution  has 
an  appreciable  effect  on  the  results  in  the  final  stage 
of  the  process. 


After  20  minutes 


1/3  C  2/3C  3/3  C 

Figure  7 


l/  C  2/  C  3/  C 


Figure  8 
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2.  No  calibration  curve  of  permanent  value  can 
be  constructed  because  of  this  fact  and  because  of 
the  instability  of  the  solutions  of  the  reagent. 

3.  The  limits  of  the  method's  range  also  depend 
on  the  concentration  of  the  reagent  when  the  color 
is  developed  ( hence  it  should  not  be  below  0.004% ) . 

4.  It  was  found  that  zinc: cadmium  ratios  up  to 
1 50  : 1  and  thallium  :  cadmium  ratios   up  to  500  :  1 
do  not  interfere  with  the  results. 

5.  The  following  variables  were  also  considered : 
influence  of  light,  uranium  concentration,  and  sta- 
bility of  the  colors  as  functions  of  time. 

Tables  and  graphs  for  the  experimental  data  are 
included  for  each  case.  Practical  recommendations 
are  given  for  execution  of  the  process. 
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Determination  of  Uranium  in  Iron 


By  L.  Kosta,  Yugoslavia 

For  the  purpose  of  investigating  the  distribution  of 
uranium  between  iron  and  slag,  obtained  in  the  smelt- 
ing of  certain  iron  raw  materials,  a  method  was 
required  by  which  it  would  be  possible  to  determine 
traces  of  uranium  in  the  metallic  phase.  A  concen- 
tration of  about  ICM^fc  U  had  been  expected.  One  of 
the  samples  to  be  analysed  was  rich  in  chromium 
and  contained  also  appreciable  quantities  of  manga- 
nese and  vanadium. 

The  8-hydroxyquinoline  method  devised  recently 
by  Silverman  ct  a/.1  would  not  meet  the  severe  re- 
quirements imposed  by  a  very  low  uranium  level. 
The  fluorimetric  method  could  only  be  applied  in  the 
final  determination  of  uranium. 

The  results  obtained  by  the  direct  extraction  pro- 
cedure, described  in  a  previous  communication,2  were 
discouraging  as  they  disclosed  only  50%  recovery 
of  uranium,  probably  because  of  the  quenching  effect 
of  chromium  and  iron,  coextracted  to  some  extent 
in  ethylacetate.  The  necessity  for  the  removal  of 
major  components  became  evident. 

The  composition  of  the  sample  suggested  the  ap- 
plication of  the  mercury  cathode  by  which  iron,  chro- 
mium, and.partially  manganese  would  be  removed 
in  one  operation.  The  behaviour  of  uranium  in  solu- 
tions containing  it  in  relatively  large  amounts  (250 
mg  U/ml)  has  already  been  studied  by  earlier  inves- 
tigators,3 but  no  data  were  available  relating  to  the 
separation  of  large  amounts  of  interfering  elements 
from  microgram  quantities  of  uranium,  on  the  mer- 
cury cathode. 

To  prove  the  feasibility  of  the  separation,  solu- 
tions of  iron  and  chromium  were  prepared,  approxi- 
mating in  composition  to  the  solutions  of  the  sam- 
ples. Quantities  of  5,  10,  and  20  fig  U  were  added 
and  the  electrolysis  carried  out. 

The  cell  used  was  a  slightly  modified  Mellaven 
cell  (Fig.  1)  which  prevented  the  spraying  of  the 
solution  and  made  the  cooling  very  efficient.  The 
current  was  4-5  amp  (0.3  amp/cm2*)  and  the  elec- 
trolysis took  2  hours. 

The  method  proved  unsatisfactory  when  fluores- 
cent discs  were  prepared  directly  from  aliquots  of 
the  solution  after  electrolysis,  but  became  very  prom- 
ising when  extraction  was  applied  at  this  stage.  After 
electrolysis,  some  aluminum  nitrate  was  added  to 
the  separated  electrolyte  and  uranium  carried  down 
on  aluminum  hydroxide,  precipitated  with  carbonate- 
free  ammonia.  The  precipitate  was  dissolved  in  nitric 
acid  and  uranium  extracted  with  ethyl  acetate.  Ura- 


nium was  then  stripped  in  water  and  diluted  for  the 
preparation  of  fluorescent  discs. 

The  procedure  finally  adopted  for  the  analysis  of 
samples  was  as  follows :  2  gm  of  the  sample  was  dis- 
solved by  boiling  with  perchloric  acid.  The  resulting 
solution  was  diluted  to  give  a  molar ity  of  IM  in 
respect  to  perchloric  acid.  The  solution  was  elec- 
trolysed for  2  hours  at  4  amp.  To  the  electrolyte 
were  added  20  mg  of  aluminum  as  nitrate  and  ura- 
nium were  coprecipitated  on  aluminum  hydroxide 
with  ammonia.  After  dissolution  of  the  hydroxide 


Figure  1 

precipitate  in  5  ml  of  2N  nitric  acid  and  addition  of 
5  grams  anhydrous  aluminum  nitrate  to  the  solution 
in  a  separatory  funnel,  uranium  was  extracted  with 
10  ml  of  ethyl  acetate.  The  solvent  was  then  shaken 
with  10  ml  of  IM  sulphuric  acid,  the  aqueous  phase 
diluted  to  25  ml  in  a  measuring  flask  and  fluorescent 
discs  prepared  with  1  gm  of  fluoride-carbonate  mix- 
ture. The  uranium  content  was  determined  with  a 
transmission  fluorimeter  of  increased  sensitivity,  de- 
signed in  this  laboratory. 

The  results  obtained  by  the  described  procedure 
are  given  in  Table  I. 

The  recovery  of  over  90%  of  U  at  a  very  low 
concentration  level  makes  the  present  method  appear 


Table  1 

Sample              Fe  added 

Cr  added 

U  added 

U  found 

Synthetic                1  gm 
Synthetic                1  gm 
Synthetic                1  gm 
Sample  1  (2gm)    - 
Sample  1  (2gm)   - 
Sample  2  (2  gm)    - 
Sample  2  (2gm)    - 

0.2  gm 
0.2  gm 
0.2  gm 

5/ig 
10  Mg 
20  Mg 

10  Mg 

10  Mg 

4.8  Mg 
4.8  Mg 
18.7  Mg 
6.2  Mg 
15.6  Mg 

11.0  Mg 

20.1  Mg 
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to  provide  a  satisfactory  approach  towards  the  solu- 
tion of  the  problem.  Its  application  could  probably 
be  extended  to  the  determination  of  traces  of  ura- 
nium in  materials  whose  major  components  can  be 
deposited  on  the  mercury  cathode. 
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Complex  Formation  Between  Uranyl  Ion  and  l-Ascorbic  Acid 


By  Ivan  J.  Gal,*  Yugoslavia 

GLOSSARY  OF  SYMBOLS 

The  following  symbols  are  used  in  this  text : 

H2A,  HA~,  A2"  =  ascorbic  acid  and  its  ion  species, 
respectively, 

CA  =  total  concentration   of  ascorbic 

acid,  M, 

c\j  =s  total  concentration  of  uranium, 

M 

c  =  CA   +   Cu 

/A  =  ionic  strength 

[  ]  ,  (  )  =  symbols   for   concentration   and 

activity,  respectively, 

KU  =  apparent  dissociation  constant 

of  ascorbic  acid, 
(see  Equation  1) 

K  =s  dissociation  constant  of  the  com- 

plex, (see  Equation  10) 

M  =  concentration,  mol/liter 

X  =  molar  fraction,  cv/c 

A.  =  wavelength  in  Angstrom  units 

E  =  extinction 

ED  =  extinction  of  a  solution  of  com- 

position fu  and  rA  measured 
against  a  reference  solution  of 
the  same  /*,  pH  and  ru,  but 
c  =  0. 

«jr  |  ctf  =  molar  extinction  coefficients  of 

the  complex  and  uranyl  ion, 
respectively 

A  spectrophotometric  study  of  the  aqueous  sys- 
tem uranyl  ion-ascorbic  acid  showed  that  complex 
formation  takes  place.  It  was  found  that  below  pH  3, 
where  the  hydrolysis  of  the  uranyl  ion  could  be 
neglected,  a  weak  complex  of  composition  1:1  is 
formed.  The  dissociation  constant  of  the  complex  at 
p,  =  0.1  and  at  about  20°C  was  calculated.  Above 
pH  3  other  complexes  are  formed,  but  owing  to  the 
hydrolysis  of  the  uranyl  ion,  the  system  could  not 
be  resolved. 

The  colored  reaction  between  uranyl  salts  and 
/-ascorbic  acid  is  used  in  the  colorimetric  determina- 
tion of  uranium,1  and  recently,  ascorbic  acid  as  sup- 
porting electrolyte  was  successfully  applied  for  the 
polarographic  determination  of  uranium  in  the  pres- 
ence of  many  other  cations.2-3  The  nature  of  this 
reaction,  as  far  as  we  know,  still  remains  unknown. 


*  Institute  of  Nuclear  Sciences  "Boris  Kidrich,"  Belgrade. 


The  aqueous  system  uranyl  ion-ascorbic  acid  was 
investigated  spectrophotometrically  at  constant  ionic 
strength  /*  — 0.1  (NaClO4),  at  room  temperature 
(20-21°C).  From  preliminary  studies  which  in- 
volved absorption  spectra  measurements  and  pH- 
meter  titrations,  it  could  be  concluded  that  com- 
plexes are  formed  in  the  pH  range  1-10.  Hexavalent 
uranium  cannot  be  precipitated  from  aqueous  solu- 
tions by  ammonia  or  sodium  hydroxide  if  ascorbic 
acid  is  present  in  a  sufficient  excess.  A  clear  proof 
of  complex  formation  is  given  in  Fig.  1,  which  shows 
the  extinction  curves  of  uranyl  per  chlorate  solutions 
in  the  presence  and  absence  of  ascorbic  acid. 

Unfortunately,  above  pH  3,  the  hydrolysis  of  the 
uranyl  ion  interferes  with  the  study  of  the  system, 
since  pll  >  3,  equilibria  between  the  uranyl  ion 
and  its  hydrolysed  species,  all  of  which  can  be 
involved  in  the  complex  formation,  must  be  taken 
into  account.  Obviously,  such  a  system  is  far  too 
complicated  to  be  resolved  merely  by  extinction- 
and  pH-measurcments.  Thus,  in  the  present  work, 
only  complex  formation  below  pH  3  was  investi- 
gated. The  useful  pH  range  in  our  investigation 
is  very  narrow;  it  lies  within  pH  2-3,  since  the 
concentration  of  the  ligand  (i.e.,  ascorbate  ion,  as 
shown  later)  is  too  low  at  pH  <  2. 

EXPERIMENTAL 
Reagents 

All  reagents  used  were  of  Analytical  Grade. 
NaClO4  was  prepared  from  stoichiometric  quantities 
of  NaHCO3  and  HC1O4.  The  salt  was  twice  re- 
crystallized  and  a  IM  stock  solution  prepared.  The 
NaClO4  concentration  was  determined  via  Na2SO4. 
A  0.02M  stock  solution  of  UO2(C1O4)2  was  pre- 
pared from  stoichiometric  quantities  of  UO3  and 
HC1O4  •  UOg  was  a  very  pure  sample  obtained  from 
UO2(NO3)2,  purified  by  ether  extraction.  Uranium 
in  the  stock  solution  was  determined  gravimetrically. 
Crystalline  /-ascorbic  acid,  obtained  from  E.  Merck, 
Darmstadt  (M.P.  189.5-190.5°C,  titration  with 
NaOH  gave  99.8%),  was  not  further  purified.  As 
ascorbic  acid  solutions  are  easily  oxidized,  no  stock 
solutions  were  prepared,  but  weighed  amounts  of 
the  acid  were  directly  added  to  the  solutions  under 
examination. 

Measurements 

pH  measurements  were  done  as  described  in  a 
previous  work.4  Extinctions  were  measured  by 
means  of  a  Hilger  "Uvispek"  spectrophotometer.  The 
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color  developed  in  solutions  containing  UOz++  and 
ascorbic  acid  is  not  very  stable.  Above  pH  3.5,  a 
constant  fading  was  observed.  This  is  probably  due 
to  the  oxidation  of  /-ascorbic  acid,  catalyzed  in  the 
presence  of  uranyl  ions.  In  neutral  and  alkaline  solu- 
tions, the  extinctions  decrease  rapidly  and  no  exact 
measurements  could  be  done.  In  acidic  solutions, 
below  pH  3.5,  the  color  is  quite  stable;  at  least  30 
minutes  after  addition  of  ascorbic  acid  no  significant 
changes  in  extinctions  occur.  Measurements  were 
carried  out  8-15  minutes  after  addition  of  ascorbic 
acid,  and,  as  a  rule,  accurate  timing  of  measure- 
ments was  done.  In  some  cases  it  was  necessary  to 
correct  readings  for  the  initial  value.  All  measure- 
ments were  carried  out  at  20-2  1°C,  at  ionic  strength 
IJ.  =  0.1.  The  ionic  strengths  and  pH  of  solutions 
were  regulated  by  addition  of  NaClO4  and  HC1O4 
(or  NaOH),  respectively. 

RESULTS  AND  DISCUSSION 

Some  preliminary  studies  concerning  the  dissocia- 
tion of  /-ascorbic  acid  as  well  as  the  hydrolysis  of 
uranyl  perchlorate  were  first  undertaken.  The  dis- 
sociation of  ascorbic  acid  was  studied  in  an  earlier 
paper,4  from  which  an  apparent  constant  K& 
defined  as 


[H2A] 

and  valid  at  /t  =  0.1  (20-30°C),  will  be  used  here 
in  numerical  calculations. 

The  hydrolysis  of  uranyl  ion  was  studied  spectro- 
photometrically  and  by  pH-titrations.  It  was  found, 
in  agreement  with  Sutton,5  that  below  pi  I  3,  mainly 
UOz++  exists  in  perchlorate  solutions;  other  ionic 
species  due  to  hydrolysis  can  be  neglected.  In  Fig. 
2,  molar  extinction  coefficients  (4  X  cu)  of  UO2+  + 
in  perchlorate  solution  at  different  pH-s  are  plotted 
against  wavelengths.  It  can  be  seen  that  only  slight 
differences  occur  between  curves  at  pH  2  and  3,  but 
from  the  curve  at  pH  4  it  can  be  concluded  that 
the  hydrolysis  of  IKV"*  is  considerable. 

The  dependence  of  the  extinction  upon  pH  of  a 
solution  of  UO2(QO4)2,  containing  ascorbic  acid  in 
large  excess,  is  shown  in  Fig.  3.  From  the  shape, 
of  the  curves  one  may  suppose  that  at  least  two 
complexes  are  formed  in  the  pH  range  2-5.  Complex 
formation  is,  obviously,  greatly  influenced  by  the  pH 
of  the  solution.  The  absorption  of  ascorbic  acid  and 
UO2+  +  is  negligible,  hence  the  curves  represent 
extinctions  which  are  due  to  complex  formation. 
Above  pH  5,  no  exact  measurements  could  be  done, 
owing  to  the  rapid  fading  of  solutions. 

Some  information  concerning  the  composition  and 
the  stability  of  complexes  was  obtained  by  the  molar 
ratio  method,  as  can  be  seen  from  Figs.  4,  5  and 
6.  In  the  ultraviolet,  below  3000A,  the  peak  of 
ascorbic  acid  (Fig.  5)  is  a  little  shifted  towards 
shorter  wavelengths,  but  no  further  significant 
changes  due  to  complex  formation  can  be  noticed. 
Above  3000  A,  the  extinction  curves  of  the  complexes 


differ  from  those  of  ascorbic  acid  and 
Ascorbic  acid  does  not  absorb  above  3300  A,  but  the 
uranyl  ion  has  a  characteristic  band  within  3900- 
4300  A  (Figs.  1  and  2).  The  extinction  curves  due 
to  the  complex  formation  do  not  possess  the  "uranyl 
band,"  but  a  rather  intense  over-all  absorption,  de- 
creasing towards  longer  wavelengths.  From  the 
"molar  ratio"  curves  one  can  conclude  that  com- 
plexes are  dissociated  to  a  large* extent.  Moreover, 
the  plot  of  extinctions  against  molar  ratios  in  Fig. 
7  shows  a  definite  inflection  at  molar  ratio  1,  sug- 
gesting that  a  complex  of  the  composition  1 : 1 
may  be  formed. 

This  was  further  confirmed  by  Job's  method  of 
continuous  variation,  carried  out  at  pH  4.00,  3.32, 
and  2.90.  The  total  concentration  of  the  components 
was  always  c±  +  c\}  =  4  X  10~3  Af,  /A  =  0.1.  Job's 
curves  are  shown  in  Fig.  8.  ED  values  are  plotted 
against  the  molar  fraction  X  =  CU/(^A  +  **u)  in  the 
wavelength  range  3500-4500  A,  where  ascorbic  acid 
does  not  absorb. 

As  seen  from  Fig.  8,  a  1:1  composition  of  the 
complex  was  obtained  at  all  wavelengths  and  pH 
under  examination.  In  general,  Job's  method  gives 
reliable  results  only  if  one  complex  is  formed.  This 
is  quite  uncertain  at  pll  4.00  and  3.32  as  beside 
UO2++,  its  hydrolysed-ion  species  could  also  be 
involved  in  the  complex  formation.  But  at  pH  2.90, 
the  hydrolysis  of  UO2+  f  can  be  neglected,  so  that 
only  one  uranium  ion,  i.e.,  UOu*"1",  can  take  part  in 
the  complex  formation.  The  dependence  of  the  ex- 
tinction upon  pH  suggests  that  ascorbate  ion  H A~ ) 
should  be  the  ligand  in  question.  (The  ion  A2~~  can 
be  neglected  below  pH  7.)  Thus,  we  shall  suppose 
that  the  following  reaction  takes  place  (below 
pH  3): 

.-s±[UO2HA]  + 


(2) 

The  complex  [UO2A]+  and/or  polynuclear  com- 
plexes of  the  type  [UO2HA]n+w  are  not  expected 
below  pH  3. 

To  ascertain  that  Equation  2  represents  the  main 
complex  formation  in  acidic  solutions  at  pH  <  3, 
the  dissociation  constant  of  the  complex  was  evalu- 
ated, and  its  constancy  checked  on  several  solutions. 
This  was  done  in  the  following  way : 

If  Equation  2  holds,  the  extinction  of  any  solution 
containing  UO2(C1O4)2  and  ascorbic  acid,  is 
given  by 


JE= 


(3) 


+  ]cu+  [UO2HA+]€K 

E  is  measured  at  a  wavelength  where  ascorbic  acid 
does  not  absorb   (for  example  at  any  wavelength 
above  3300  A),  supposing  1-cm  cells. 
Further, 

cu  =  [U02++]  +  [U02HA+]  (4) 

CA=  [H2A]  +  [HA-]  +  [U02IIA+]       (5) 
or,  using  Equation  1  : 
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Figure    1.    Curve    1:   4  X  10"8M    UO^CIO.)-,.    4    cm    quartz    cells. 

pH  =  4.  Curve  2:  1  X  10'*M  IIO^CIO^.  2  X  1(T8M  ascorbic  acid. 

1  cm  quartz  cells.  pH  =  4.  Ref.  sol.:  0.1M  NaCIO* 


Figure  2.  Curve  1:  pH  =  2.  Curve  2:  pH  =  3.  Curve  3: 
pH  =  4.  fA  =  0.1   (perchlorate  solutions) 
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Figure  3.  cv  =  1  X  10"*,  CA  =  2  X  10"2,  fi  =  0.1.  Ref.  sol.: 
CA  =  2  X  10^  cn  =  0,  /*  =  0.1 


Figure  4.  pH  =  4.  /*  =  0.1.  cn  =  1  X  10~*M.  cA/cn  is  indicated 
on  each  curve.  Reference  solutions  0.1  M  NaCIO*.  1  cm  quartz  cells 
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-]  =  (cA-[U02HA+]) 


A'H+ 


If  the  extinction  is  measured  against  a  reference 
solution  having  the  same  c^,  but  without  ascorbic 
acid,  then  ED  is  obtained  : 


(7) 


(8) 


[UOaHA+]£K  - 
By  combining  Equations  4  and  7,  it  follows  : 


[UO2HA+]  = 


where 


<D  =  (K  -  eu  (9) 

Thus,  the  dissociation  constant  of  the  complex  equals 
[UO,++][HA-]_ 

~~      [UO2HA+] 


«»     (10) 


K  is  a  "concentration"  constant  which  will  be  evalu- 
ated at  /*  =  0.1.   To  simplify  the  calculation,  let 


If  ascorbic  acid  is  added  in  a  large  excess,  so  that 
r  A  »  Cy,  then  (CA  —  ED/CD)  —  ^A-  Hence, 


(12) 


Let  cA«=F  ;  c^a/E^X.  By  plotting  F  as  function 
of  X  at  constant  wavelength  and  constant  cu,  but 
varying  CA  and  pH  of  solutions,  a  straight  line  is 
obtained : 


Y  = 


(13) 


where  the  intercept  on  the  F-axis  equals  —  K,  and 
from  the  slope  of  the  line  CD  can  be  calculated.  X  and 
Y  are  easily  computed  by  measuring  En  and  pH  of 
the  solutions  if  rA  and  K&  are  known.  Using  Equa- 
tion 13,  K  and  *D  were  calculated  at  six  different 
wavelengths  by  measuring  ED  of  solutions  of  dif- 
ferent pH  and  rA  values.  This  is  shown  graphically 
in  Fig.  9.  Of  course,  owing  to  the  inevitable  experi- 
mental errors,  the  six  lines  in  Fig.  9  do  not  intersect 
the  F-axis  in  one  point.  K  and  *n,  can  be  found  out 


2500 


3000 


Figure  5.  pH  =  4.  n  =  0.1.  CA   ==  1  X  10~4M.  cA/cn  is  indicated 

on  each  curve.    Measured  against  solutions  of  the  same 

composition,  but  of  CA  =  0.  0.5  cm  quartz  cells 

graphically,  but  the  algebraic  method  is  more  reli- 
able. For  this  purpose,  the  well-known  "least 
squares"  method  was  applied.  The  required  numer- 
ical computations  were  done  using  a  calculating  ma- 
chine. All  data  are  given  in  Table  I ;  the  results  are 
tabulated  in  Table  II.  Only  in  one  case,  at  pH  2.86, 
the  X-values  were  too  low  and  were  disregarded. 
This  was  probably  due  to  a  slight  hydrolysis  of 
UO2+H"  at  a  pH  which  is  quite  near  3.  Data  in  Table 
I  are  average  values  of  at  least  two  measurements. 
In  the  last  column  of  Table  II,  the  corrected  average 
values  of  4cD  are  tabulated  (4  eD  can  be  directly 
substituted  in  Equation  13,  because  4-cm  cells  were 


Table  1* 

No.  (1 

tf+)XlO$  c^XlO*        c 

TT            3600  A 

3800  A 

4000  A 

4100  A 

4200  A 

4400  A 

1 
2 
3 
4 
5 
6 

1.37         2.00     ^ 
1.64         3.00 
1.88         4.00      L 
2.06         5.00     f 
2.24         6.00 
2.55         8.00    J 

!      0.222 
0.269 
0.302 
0.328 
0.350 
0.386 

0.184 
0.223 
0.252 
0.272 
0.291 
0.319 

•0.146 
0.177 
0.199 
0.214 
0.229 
0.251 

0.125 
0.151 
0.169 
0.182 
0.194 
0.214 

0.105 
0.126 
0.143 
0.154 
0.164 
0.179 

0.083 
0.099 
0.113 
0.121 
0.129 
0.142 

=  0.1.  4  cm  cells.  #H  =  8.5  X  10~5  M. 
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Figure  6.    pH  =  3.4  //,  =  0.1.  Fulldrawn  curve$:  CTT  —  1  X  10~8M. 

Dotted  curves:  CA  —  1  X  10~8.   CA/CU  given   on  each  curve. 

Reference  solutions  0.1M  NoCIOi.  2  cm  quartz  cells 

Table  II 


Corrected 


K  X  JO+* 


Average 


3600 
3800 
4000 
4100 
4200 
4400 


3.68 
3.38 
3.17 
3.17 
3.14 
3.29 


3.3  X  10-3 


8630 
7170 
5650 
4810 
4050 
3190 


Table  III 


X 

<K 

€u 

3600 
3800 
4000 
4100 
4200 
4400 

2160 
1795 
1426 
1210 
1018 
800 

2.8 
3.1 
7.0 
7.5 
5.7 
2.3 

always  used).  The  dissociation  constant  of  the  com- 
plex is  given  by  AT  =  3.3  X  10~3  M  valid  at  /A  =  0.1 
and  about  20°  C. 

From  the  last  column  in  Table  II  the  molar-extinc- 
tion coefficients  of  the  complex  were  calculated  ac- 
cording to  Equation  9.  They  are  tabulated  and  com- 
pared with  the  molar-extinction  coefficients  of  UOa"1"* 
in  Table  III. 

Using  the  4ep  values  for  six  wavelengths  (Table 
II),  the  constancy  of  K  was  rechecked  on  several 
solutions  of  different  CA,  CTJ  and  pH,  where  the 
restriction  CA  »  fu  was  not  valid.  The  dissociation 
constant  K  was  calculated  according  to  Equation 
10.  Some  of  the  results  which  were  obtained  are 
shown  in  Table  IV. 

In  all  cases,  the  dissociation  constant  was  within 
(3.3  =t  0.3)  X  10-8,  confirming  thus  the  reaction 
postulated  in  Equation  2.  The  reaction  given  in 


8  10 

—  VCu 

Figure  7.  pH  =  3.4.  fi  =r=  0.1.  Reference  solutions 
and  cells  as  in  Fig.  6 

Table  IV* 


r//+;.rA^D 

^n 

X 

K  X  10* 

(H+)  =  1.26  X  10-» 

0.623 

3600 

3.3 

CA  =  2  X  lO-3 

0.523 

3800 

3.2 

fTJ  =  2  X  10-3 

0.411 

4000 

3.2 

0.348 

4100 

3.3 

0.295 

4200 

3.2 

0.235 

4400 

3.2 

(H+)  =  1.38  x  10-3 

0.504 

3600 

3.4 

r  A  =  1  X  10-2 

0.420 

3800 

3.4 

<rn  --=  4  X  10-4 

0.336 

4000 

3.3 

0.286 

4100 

3.3 

0.241 

4200 

3.3 

0.186 

4400 

3.4 

(H+)  =2.00x  10-3 

0.480 

3600 

3.4 

<:A  =  5  X  10-3 

0.401 

3800 

3.4 

cv  =  1  X  10-3 

0.330 

4000 

3.3 

0.285 

4100 

3.2 

0.239 

4200 

3.2 

0.181 

4400 

3.4 

(H+)  =3.47x10-3 

1.100 

3600 

3.3 

CA  =  2  X  10-2 

0.934 

3800 

3.2 

cn  =  1  X  10-3 

0.750 

4000 

3.1 

0.641 

4100 

3.1 

0.536 

4200 

3.1 

0.417 

4400 

3.2 

=  0.1.  4-cm  cells.   For  4en  see  Table  IT. 
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Figure  8.    (1)  pH  —  4.00.    1  cm  cells.    (2)  pH 


0.6  0.8  0.2  0.4 

3.32.  2  cm  cells.    (3)  pH  =  2.90.  4  cm  cells 


0.6 


0.8 


obviously  other  complexes  are  formed,  but,  as 
mentioned,  they  could  not  be  identified  owing  to  the 
hydrolysis  of  the  uranyl  ion. 
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Contribution  to  the  Study  of  the  Method  and  Factors 
Affecting  the  Spectrophotometric  Determination  of  Traces 
of  Boron  with  Carmine  in  Uranium  Compounds 


By  R.  Ferndndez  Cellini  and  L  Gasc6  Sanchez/  Spain 


Among  the  analytical  methods  used  for  the  deter- 
mination of  the  presence  of  small  quantities  of  boron, 
the  spectrophotometric  techniques  certainly  are  the 
most  notable  ones. 

A  great  many  organic  reagents  have  been  used, 
especially  anthraquinone  derivatives,  since  they 
readily  form  strongly  colored  compounds  with  boric 
acid. 

Chronologically,  let  us  list  curcumin,1-10  quinaliz- 
arine,11-21  alizarine  blue,  14-2a  chromotrope  2B,23 
Solvay  purple  base,14  diatrimide,  15»24-27  carmine,28"31 
carminic  acid,  29  alizarine  red  (sodium  salt  of  alizar- 
ine monosulfonate),32"34  tetrabromochrysazin,35  di- 
amino  anthrarufin,  diaminochrysazin,  tribromoan- 
thrarufin  and  dicyanoquinalizarine.30 

In  most  determinations  made  with  the  reagents 
mentioned  above,  it  is  necessary  to  separate  the  boric 
acid  from  its  accompanying  compounds,  since  they 
interfere  with  spectrophotometric  determinations. 
Normally,  distillation  of  the  corresponding  methyl- 
boric  ester  is  used.  The  complications  brought  in  by 
this  distillation  (efficiencies,  contaminations,  etc.) 
strongly  urges,  for  the  low  concentrations,  the  use  of 
a  reagent  as  specific  as  possible,  which  would  require 
no  prior  separations. 

Among  these,  the  most  notable  is  carmine  red, 
which  has  been  used  under  these  conditions  by 
various  researcher  workers.20-31 

All  this  finds  application  in  the  determination  of 
boron  in  steel  products,  waters,  soils,  plants,  bio- 
logical materials,  etc. 

Cypres  and  Leherte80  present  a  detailed  survey  of 
the  determination  of  boron  in  graphite,  calcium  and 
uranium  salts,  down  to  concentration  limits  of  under 
0.05  y  per  25  ml.  This  work,  with  that  of  Trego  and 
Silverman9  (who  used  curcumin)  illustrates  the  direct 
application  of  the  technique  to  the  determination  of 
boron  concentrations  in  nuclear  fuels. 

In  our  laboratories,  we  have  been  using  the  spec- 
trophotometric method  for  estimation  of  boron  in 
uranium  compounds  using  carmine,  and  in  the  present 
paper,  we  illustrate  the  points  complementary  to  the 
work  of  the  authors  mentioned,30  according  to  our 
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own  experience,  for  the  purpose  of  making  the  meth- 
od as  efficient  as  possible,  and  for  clearing  up  the 
abnormal  points  observed  in  its  application. 

EXPERIMENTAL  PART 
Reagents 

Included  were :  boron-free  U3O8 ;  carmine,  Mich- 
rome  Brand,  Edward  Gurr  Ltd. ;  carmine  40,  R.A.L. 
special  for  histology;  carmine  (lustrous  flakes) 
Merck,  p.a. ;  carminic  acid,  National  Aniline  Division, 
N.Y. ;  calcium  hydroxide,  saturated  solution  prepared 
from  nuclear  purity  calcium  Degussa  (kept  in  poly- 
ethylene flasks)  ;  sulfuric  acid  A.  R.  Probus,  98.9% 
determined  by  earlier  estimation;  perhydrol  Merck 
p.a. ;  and  carmine  solution  0.05%  (0.92  gm  carmine 
in  1.000  nil  H2SO4  98.9%). 

Equipment 

Model  DU  Beckman  Spectrophotometer  and  Corex 
cell,  1  cm  windows,  with  plugs  was  used.  Crucibles 
and  evaporating  dishes  were  of  platinum  or  quartz. 
Automatic  burettes  were  used. 

CARMINE-BORIC   ACID   COMPLEX 

For  the  purpose  of  studying  the  influence  of  car- 
mine of  different  origins,  various  products  were  se- 
lected. 

With  the  Edward  Gurr,  Merck,  and  R.A.L.  car- 
mine, use  was  made  of  0.05%  solutions  in  concen- 
trated sulfuric  acid  A.  R.  Probus  98.9%. 

For  the  carminic  acid  of  the  National  Aniline 
Division  N.  Y.,  the  concentration  used  was  such  that 
the  transmission  measured  against  distilled  water 
was  identical  with  that  of  the  Edward  Gurr  carmine. 
The  measurements  were  carried  out  at  wave- 
lengths between  540  m/a  and  800  m//,,  the  samples 
being  prepared  as  follows : 

1.  A  solution  which  contained  20  y  of  boron,  and 
2  ml  of  a  saturated  solution  of  calcium  hydroxide, 
was  evaporated  to  dryness  in  a  quartz  crucible. 

2.  Exactly   10  ml  of   the    carmine  solution  was 
placed  in  a  graduated  25  ml  flask. 

3.  The  boron  contained  in  the  quartz  crucible  was 
transferred  to  this  graduated  flask,  dissolving  the 
residue  of  evaporation  in  concentrated  sulfuric  acid, 
and  making  up  to  25  ml. 
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The  measurements  were  carried  out  at  the  end 
of  24  hours,  in  Corex  glass  cells,  1-cm  thick,  using 
a  blank  prepared  under  the  same  conditions,  but 
without  boron. 

The  values  obtained  are  summed  up  in  Table  I. 

From  Table  I,  we  can  see  that  the  boric  acid- 
carmine  complex  has  a  maximum  optical  density 
between  590  and  625  m/*.  620  m/*  was  chosen  for 
the  working  wavelength,  in  order  to  reduce  inter- 
ference from  possible  carbonization  of  organic  sub- 
stances, the  interference  of  which  decreases  as  the 
wavelength  is  increased. 

For  the  purpose  of  this  work,  we  use  the  Edward 
Gurr  and  R.A.L.  carmines,  the  three  types  tested 
being  practically  identical,  while  carminic  acid  is  of 
lower  sensitivity. 

INFLUENCE  OF  THE  ADDITION  OF  WATER  TO  THE 

RATE  OF  FORMATION  OF  THE  CARMINE-BORIC 

COMPLEX  AND  ITS  STABILITY 

It  was  observed  that  the  maximal  optical  density 
of  the  complex  formed  in  a  98.9%  sulfuric  acid 
medium  was  reached  after  approximately  24  hours 
for  boron  concentrations  of  1  and  20  y. 

The  values  are  shown  in  Table  II. 

A  series  of  tests  with  varying  concentrations  of 
sulfuric  acid  was  carried  out,  in  order  to  ascertain 

Table  I.     Values   of   Absorption    for   Carmines    of 
Different   Origins 


mfi 

O.D. 
SOyB 
Carmine 
E.  Gurr 

O.D.               O.D. 
toy  B             SOy  B 
Carminic        Carmine 
Acid             Merck 

O.D. 
20yB 
Carmine 
R.A.L. 

800 

0.000 

0.001             0.000 

0.000 

750 

0.000 

0.005           0.002 

0.003 

700 

0.019 

0.016           0.022 

0.022 

675 

0.116 

0.060           0.117 

0.120 

650 

0.393 

0.183           0.376 

0.367 

625 

0.532 

0.253           0.516 

0.510 

620 

0.535 

0.256           0.516 

0.510 

615 

0.535 

0.257           0.516 

0.510 

610 

0.535 

0.257           0.516 

0.510 

605 

0.534 

0.257           0.514 

0.508 

600 

0.535 

0.253           0.510 

0.508 

590 

0.534 

0.254           0.510 

0.500 

580 

0.492 

0.220           0.460 

0.466 

560 

0.412 

0.085           0.214 

0.306 

540 

0.390 

—            0.050 

0.285 

Table  II 

Time 

E.  Gurr  carmine     R.A.L.   carmine 
0.06%                       0.05% 
O.D.  »0  y  boron     O.D.  KO  y  boron 

E.  Gurr  carmine 
0.05% 
O.D.  1  y  boron 

15  min 

0.065 

0.065 

0.004 

30  min 

0.090 

0.090 

0.004 

1  hr 

0.133 

0.145 

0.007 

2  hr 

0.210 

0.216 

— 

4  hr 

0.305 

0.312 

— 

12  hr 

0.468 

0.468 

— 

16  hr 

0.495 

0.490 

0.021 

24  hr 

0.540 

0.510 

0.026 

26  hr 

0.544 

0.513 

0.026 

200  hr 

0.569 

0.536 

0.027 

Figure  1.  Edward   Gurr  carmine 


TIMI  IN  HOURS 


0  I  k  i  4  S  10  ft  *  40  90 

Figure  2.  R.  A.  L.  carmine 

the  possible  influence  of  the  acid  on  the  speed  of 
formation  of  the  complex  and  its  stability  as  a  func- 
tion of  time. 

One  ml  portions  of  an  aqueous  solution  contain- 
ing 10  y  of  boron  were  placed  in  25  ml  graduated 
flasks,  followed  by  water  in  quantities  increasing 
from  0  to  4  ml,  10  ml  of  98.9%  sulfuric  acid  and 
when  cold,  10  ml  of  the  carmine  solution,  making 
up  to  volume  with  sulfuric  acid.  The  measurements 
were  made  at  620  mp.  in  1-cm  cells  using  a  plug  in 
order  to  avoid  the  absorption  of  humidity. 

The  results  obtained  are  shown  on  Figs.  1  and  2. 

From  these  we  can  see  that  the  rate  of  formation 
of  the  carmine-boric  acid  complex  increases  markedly 
with  the  amount  of  water  added  accompanied  by  a 
marked  reduction  in  sensitivity  and  a  smaller  stability 
zone. 

When  the  maximum  amount  is  added,  namely  5 
ml,  the  formation  of  the  color  is  instantaneous,  but 
extremely  critical,  since  it  disappears  very  rapidly 
and  has  a  sensitivity  much  smaller  than  the  other 
values  given. 

CALIBRATION  CURVES 

The  calibration  curves  and  the  determinations 
were  carried  out  in  the  manner  described  for  the 
two  methods  mentioned:  (a)  using  98.9%  sulfuric 
acid,  both  to  dilute  the  carmine  and  to  make  up  to 
volume,  and  (fe)  using  93.4%  sulfuric  acid,  which 
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A.   98.9%  H2S04                                            A  yX 
0.140  •        B    93.4%  H2SO4                                     ^Xx^ 

p   0.120  •                                                           ^/^^^ 

Quantities  as  small  as  1  y  of  nitrate  readily  bring 
about  considerable  loss  of  color,  equivalent  to  1  y 
of  boron.  In  a  93.4%  sulfuric  acid  medium,  the  dis- 
coloration is  smaller. 
Adding  hydrochloric  acid  is  effective  when  dealing 

3   Ainn                                                                v^r^ 

with  determinations  in  a  93.4%  acid  medium,  making 

2  o.ioo  •                                v^x^ 

Q                                                                                                                          ^^^^ 

it  possible  to  eliminate  interference  of  up  to  1500 

-I   a080  "                                      v/^-5 

y  of  nitrate  ion,  the  effect  being  smaller  when  the 

«  0.060  -                         Jf^ 

sulfuric  acid  concentration  used  is  98.9%. 

0  0.040  -             ^^^ 

Table  III.    Influence  of  the  Nitrate  Ion  on  the 

0.020-      >^^ 

Carmine-Boric  Acid  Complex 

0                1               2              3              4              5 

Concentrated 
HC1 

"X  of  BORON  In  25  ml. 

7  of  boron             NO8-              (drops                   Boron 

added               added              added)             recovered 

Figure  3.  A.  98.9%  HaSOi;  B.  93.4%  HsSO* 

Sulfuric  acid  concentration  98.9% 

corresponds  to  the  addition  of  2.5  ml  of  water  in  a 

10                   0.5              —              9.95  ±0.05 

final  volume  of  25  ml  (see  Fig.  3). 

10                   1                 —              9.00  ±0.00 

10                   5                —              8.35  ±  0.35 

INFLUENCE  OF  THE  NITRATE  ION  ON  THE  CARMINE- 

10                 10                —              7.00  ±0.0 

10                        90                                              (\  A.Z  "4-  1  91 

BORIC  ACID  COMPLEX 

•iv/                          £,\j                         —                     O.*T»)  -^—  L.£D 

10                 50                 —              7.20  ±  1.50 

In  view  of  the  interest  in  the  determination  of 

—                 50                 —          -0.12  ±0.0 

boron   in  uranium   nitrate   or   in  compounds  from 

—                100                —           -0.30  ±0.02 

uranium  which  has  been  attacked  by  nitric  acid,  a 

10                100                 —              5.9   ±  0.10 

1fl                     100                       9                    $  1    •+•  0  10 

series  of  tests  was  carried  out  in  order  to  study  the 

i\J                             1UV/                                &                           J.O      —  •—  \J.O\J 

—                200                 —           -  0.60  ±  0.0 

influence  of  the  nitrate  ion  on  the  value  of  the  optical 

10                500                 —              3.75  ±0.25 

density  of  the  carmine-boric  acid  complex. 

10                500                 2               3.0   ±0.5 

Determination  in  93.9%  Sulfuric  Acid  Medium 

—                500                 —           -1.08± 
10              1000                 2           -  1.21  ±  0.07 

The  following  were  added  in  succession  in  quartz 

—              1000                 —              8.0   ±0.1 

crucibles:  2  ml  of   calcium  hydroxide  and  variable 

—               1000                  2            -0.92  ±0.20 

quantities  of  boron  and  potassium  nitrate.  The  whole 

Sulfuric  acid  concentration  93.4% 

was  evaporated  to  clryness,  and  the  residue  dissolved 

10                   50                  —               9.8    ±0.1 

in  concentrated  sulfuric  acid,  after  which  the  solu- 

—                 50                  —           -0.23  ±0.02 

tion  was  transferred  to  25  ml  calibrated  containers, 

—                100                 —           -0.30  ±0.05 

in  which  10  ml  of  the  0.05%  carmine  solution  had 

10                500                 —              7.65  ±0.15 

first  been  added. 

10                500                  2               9.60  ±0.05 
—               500                —          -0.30  ±0.05 

Table  III  shows  the  results  obtained. 

10               1000                 —              7.0   ±  1.0 

Determinations  in  93.4%  Sulfuric  Acid  Medium 

—              1500                 —            30.5   ±0.5 

—              1500                 2           —0.18  ±0.02 

In  25  ml  calibrated  containers  we  added  succes- 

10             1500                —              9.75  ±0.13 

sively:  1  ml  of  boric  acid  solution  (equivalent  to  10 

—              5000                 4            -2.13  ±0.13 

y  of  boron),  1  nil  of  a  solution  containing  variable 

10              5000                  4               6.5    ±0.0 

amounts  of  potassium  nitrate,  0.5   ml  of  distilled 

—            10,000                  4            -2.70  ±0.20 

water,   10  ml  of  98.9%  concentrated  sulfuric  acid. 

10           10,000                 4               5.40  ±0.1 

When  cold,  10  ml  of  a  0.05  carmine  solution  were 

added,    thereafter    filling    up    with    sulfuric    acid 

Table  IV 

(98.9%). 

The  results  are  shown  on  Table  III. 

Boron           Boron                  Average 

UftOg                  added        recovered                 value 

From  the  data  shown  in  Table  III,  the  following 

conclusions  can  be  drawn: 

98.9%  sulfuric  acid* 

If  the  sample  to  be  analysed  does  not  contain 

1  gm                1               0.84            0.91  ±  0.07* 

1    crm                      1                     000 

boron,  the  presence  of  200  y  of  the  NO3~  ion  causes 
no  serious  interference  when  dealing  with  the  98.9% 

*•    J5***                                 1                               \J*yy 

93.4%  sulfuric  acidf 
1  gm                 1.00           1.00 

sulfuric  medium,  or  of  500  y,  in  the  case  of  the 

1  gm                1.00           0.85 

93.4%  medium.  Larger  quantities  give  a  blue  colora- 

1 gm                 1.00           1.00             0.94  ±  0.037:): 

tion  which  is  equivalent  to  large  amounts  of  boron. 

1  gm                1.00          0.90 

When   there    is   boron   present,   the   nitrate   ion 
strongly  discolors  the  carmine-boric  acid  complex 
formed,  mostly  in  the  98.9%  sulfuric  acid  medium. 

*  Peroxide  decomposed  by  heating, 
t  In  the  presence  of  peroxide. 
$  Average  error  of  the  arithmetic  mean. 
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Table  V.    Action  of  the  Light  on  the  Carmine  Boric  Acid  Complex 


Time 

O.D. 
S60  mfi 

O.D. 
425  mil 

O.D. 
490  mp, 

O.D. 
555  m/JL 

O.D. 
620  mil, 

Daylight 

Artificial 
light 

0  min 

0.009 

0.010 

0.010 

0.010 

0.011 

0.010 

0.010 

lOmin 

0.009 

0.025 

0.011 

0.012 

0.012 



— 

30  min 

0.0095 

0.035 

0.012 

0.013 

0.013 

— 

— 

60  min 

0.010 

0.037 

0.013 

0.015 

0.013 

0.018 

0.015 

90  min 

0.010 

0.038 

0.013 

0.018 

0.013 

— 

— 

2hr 

— 

— 

— 

— 

— 

0.520 

0.021 

4hr 

— 

— 

— 

— 

— 

1.870 

— 

INFLUENCE  OF  THE  URANYL  ION  ON  THE 
CARMINE-BORIC    ACID    COMPLEX 

Determinations  in  98.9%  Sulfuric  Acid  Medium 

Samples  of  1  gm  of  LJaOs  were  dissolved  in 
quartz  crucibles  with  1  ml  of  98.9%  concentrated 
sulfuric  acid,  6  drops  of  Merck  perhydrol  and  2  ml 
of  distilled  water.  This  was  carefully  treated  with 
SO8  which  was  passed  through  the  cold  solutions 
in  the  25  ml  calibrated  flasks  to  which  10  ml  of  a 
0.05%  carmine  solution  had  first  been  added,  and 
ultimately  made  up  to  25  ml  with  98.9%  sulfuric 
acid. 

The  values  found  are  shown  in  Table  IV. 

Determination   in   93.4%   Sulfuric  Acid   Medium 

Samples  of  1  gm  of  U3O8  were  dissolved  in 
quartz  crucibles  with  1  ml  of  concentrated  sulfuric 
acid,  2.5  ml  of  distilled  water  and  6  drops  of  Merck 
perhydrol,  heating  slowly  until  the  UsOg  was  dis- 
solved. It  was  observed  that,  under  these  conditions, 
and  in  view  of  the  measurements  made  with  variable! 
quantities  of  peroxide,  excess  peroxide  which  might 
remain  did  not  interfere  with  the  determination. 

Table  IV  shows  the  values  obtained. 

INFLUENCE    OF    LIGHT    ON    THE    CARMINE-BORIC 
ACID   COMPLEX 

These  determinations  were  carried  out  in  the 
presence  of  1  gm  of  U3O8  dissolved  in  98.9%  sul- 
furic acid. 

Samples  of  10  ml  of  the  0.05%  carmine  solution 
were  taken,  as  well  as  10  ml  of  a  uranyl  sulfate 
solution  (1  gm  U»O8),  making  up  to  25  ml  with 
98.9%  sulfuric  acid. 

In  order  to  study  the  effect  of  light  of  various 
wavelengths  on  the  carmine-boric  acid  complex, 
samples  were  subjected  to  the  action  of  monochro- 
matic radiation  from  a  Beckman  DU  spectrophoto- 
meter,  using  the  widest  slit  in  order  to  obtain  a  beam 
of  maximum  intensity.  The  samples  were  kept  and 
measured  in  sealed  Corex  cells  1  cm  thick. 

Similar  samples  subjected  to  the  action  of  diffused 
solar  light  showed  a  marked  increase  in  optical 
density,  whereas  artificial  light  had  a  much  less 
marked  influence,  as  can  be  deduced  from  the  values 
shown  in  Table  V,  which  were  obtained  by  the  action 
of  a  40  watt  fluorescent  tube  set  at  40  cm  from  the 
cell  in  which  the  complex  was  formed.  All  these 
measurements  were  made  comparatively  to  targets 


made  up  of  the  reagents  without  adding  UaOs,  and 
the  samples  kept  in  darkness  while  the  color 
developed. 

The  measurements  carried  out  without  the  addi- 
tion of  U3O8  and  subjecting  the  reagents  to  the 
same  conditions  as  the  tests  previously  mentioned 
gave  a  constant  value  for  the  optical  density. 

The  results  are  shown  in  Table  V. 

CONCLUSIONS 

The  carmine-boric  acid  complex  shows  maximal 
optical  density  between  590  and  625  m/x,  and  the 
value  which  is  practically  independent  of  the  carmine 
used  is  greater  than  that  when  carminic  acid  is  used. 

The  rate  of  formation  of  the  carmine-boric  acid 
complex  is  markedly  affected  by  the  concentration 
of  the  solution  in  water,  a  factor  which  also  influ- 
ences the  sensitivity  and  stability  figures,  which 
increase  as  the  aqueous  concentration  decreases. 

The  optimal  working  condition  chosen  (taking  into 
consideration  the  rate  of  formation  of  the  carmine- 
boric  acid  complex,  the  stability  and  the  sensitivity 
of  the  measurements),  is  provided  by  making  the 
measurements  in  a  93.4%  sulfuric  acid  medium. 

Nitrate  ions  markedly  influence  the  absorption 
when  a  98.9%  sulfuric  acid  medium  is  used.  This 
effect  is  much  smaller  for  a  concentration  of  93.4%. 
The  addition  of  hydrochloric  acid  in  a  93.4%  sulfuric 
acid  medium  eliminates  interference  up  to  1500  y 
of  nitrate  ion.  This  incompatibility  is  not  eliminated 
in  the  case  of  98.9%  sulfuric  acid. 

Concentrations  of  1  gm  of  U3Os  in  25  cm3  do 
not  affect  the  determination  in  the  acid  media  used. 

Diffused  solar  light  affects  the  carmine-boric  acid 
complex  and  has  a  considerable  effect  on  the  optical 
density. 
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Mr.  C.  J.  RODDEN  (USA)  presented  paper  P/952. 

Mr.  A.  P.  VINOGRADOV  (USSR)  presented  paper 
P/627  as  follows : 

Where  the  production  of  uranium  is  concerned, 
research  workers  have  been  faced  with  two  basic 
problems :  developing  methods  of  quality  control 
for  every  stage  of  the  refining  process  from  the 
raw  ore  to  the  uranium  rod,  and  evolving  analytical 
procedures  to  determine  the  content  of  impurities, 
particularly  neutron-active  admixtures,  in  the  metal. 

As  a  rule,  the  methods  we  developed  were  based 
on  the  following  distinctive  properties  of  uranium: 
radioactivity,  ability  to  luminesce  in  solutions  and 
in  solid  beads  and,  lastly,  ability  to  be  extracted  into 
many  non-aqueous  solvents  in  the  form  of  uranyl 
ions. 

All  these  properties  were  made  use  of  in  devising 
the  many  and  divers  chemical  and  physico-chemical 
methods  which  we  employed  (some  of  these  have 
been  described  in  our  other  papers,  P/628  and 
P/629).  Although  they  are  very  accurate,  chemical 
methods  are  very  time-consuming. 

Combination  of  chemical  preparation  of  specimens 
of  uranium  ore  and  rock  and  intermediate  products 
(i.e.,  concentration  and  other  forms  of  enrichment) 
with  instrumental  methods  (spectroscopy,  radiometry, 
luminescence,  polarography,  etc.)  leads  to  better 
results  as  regards  reproducibility  and  appreciably 
reduces  the  time  required  for  analysis. 

Even  better  results  in  this  sense  can  be  obtained 
by  using  certain  instrumental  methods  for  direct 


determination  of  the  uranium  or  of  the  impurities 
without  prior  chemical  preparation. 

These  methods  require  the  least  time  and  come 
nearest  to  universal  methods  of  analysis.  They  are 
now  widely  employed  in  quality  control  of  uranium 
production  in  our  country. 

However,  even  in  my  printed  report  I  did  not 
have  space  to  describe  most  of  them  and  could  only 
record  the  results  we  have  achieved  in  the  fields  of 
emission  spectroscopy  for  determining  uranium 
and  impurities  in  it,  spectrographic  determination 
with  the  addition  of  light  isotopes  of  uranium,  X-- 
ray spectrum  analysis  for  impurities  in  the  uranium 
(particularly  rare  earths),  polarography  and  oscillo- 
graphic  polarography.  The  method  of  radiometric 
determination  of  uranium  in  ore  and  rock  is  partially 
explained  in  document  P/630  and  the  radioactivation 
method  in  our  other  paper,  P/632. 

In  my  present  brief  statement  I  shall  have  to 
confine  myself  to  a  still  more  limited  number  of 
questions.  I  want  to  draw  attention  to  some  relatively 
new  physico-chemical  methods  for  the  direct  deter- 
mination of  uranium  and  its  impurities — i.e,  to  the 
determination  of  the  admixtures  in  refined  uranium 
by  emission  spectroscopy,  isotopic  analysis  of  uran- 
ium in  ores  and  semi-refined  uranium,  and  oscillo- 
graphic  polarography  of  uranium  ore  and  the  impur- 
ities present  in  it.  I  believe  that  these  methods  are 
promising  and  may  prove  useful  not  only  in  quality 
control  in  uranium  production  but  also  in  the  refining 
of  other  metals.  They  are,  in  my  opinion,  worthy  of 
our  consideration. 
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Any  method  used  for  determining  impurities  in 
metallic  uranium  or  its  oxide,  particularly  neutron 
active  impurities  such  as  Li,  B,  Be,  Cd,  and  Te,  must 
have  a  sensitivity  of  not  less  than  10~5%  and  great 
accuracy.  The  difficulty  in  working  out  a  spectro- 
scopic  method  for  this  purpose  stemmed  from  the 
fact  that  the  spectrum  of  uranium  comprises  a  large 
number  of  relatively  weak  lines  spread  over  a  very 
intense  continuum.  Hence,  it  is  necessary  first  to 
separate  the  uranium  from  the  impurities.  We  suc- 
ceeded in  doing  this  by  the  evaporation  of  the  im- 
purities from  UsO8  at  2000" C.  As  we  know,  Scrib- 
ner  and  Mullin  also  evaporated  the  impurities  (with 
carriers)  and  excited  the  spectrum  of  the  evaporat- 
ing impurities.  We  chose  a  different  course. 

The  process  of  evaporating  the  impurities  was 
separated  from  the  process  of  exciting  the  spectra 
of  these  impurities,  by  having  the  impurities  con- 
dense on  electrodes. 

It  was  shown  by  spectrum  and  chemcial  analysis, 
using  tagged  atoms,  that  virtually  complete  evapora- 
tion and  subsequent  condensation  of  the  impurities 
on  the  electrodes  is  obtained.  This  means  that  the 
sensitivity  of  the  analysis  can  be  greatly  increased 
by  accumulating  the  material. 

At  the  same  time,  condensation  of  impurities  on 
the  surface  of  the  electrodes — for  example,  graphite 
electrodes — made  it  feasible  to  lower  the  require- 
ments as  regards  electrode  purity.  This  is  an  impor- 
tant consideration,  since  the  preparation  of  very  pure 
electrodes  is  a  difficult  matter.  We  also  showed  that 
the  method  of  evaporation  does  not  require  carriers. 
It  proved  possible  under  plant  conditions  to  make 
consistent  determinations  of  impurities  in  the  urani- 
um in  amounts  of  1  part  in  10°-107,  with  an  accuracy 
of  10-15%.  Thus,  the  sensitivity  of  the  method  is 
very  high.  The  data  I  cited  in  my  printed  report 
comparing  this  evaporation  method  with  the  method 
of  exciting  the  spectra  of  the  evaporating  impurities, 
without  preliminary  condensation,  show  the  merits 
of  the  method  we  have  evolved. 

It  is  known,  however,  that  the  intensity  of  the 
spectral  lines  of  the  elements  present  in  the  specimen 
depends  strongly  on  the  over-all  chemical  composi- 
tion of  the  specimen.  This  limits  the  range  of  appli- 
cation of  spectroscopic  methods  of  analysis  and  often 
makes  them  unsuitable  for  analysis  of  substances  of 
varying  over-all  composition.  Hence  it  is  always  nec- 
essary to  consider  the  possible  influence  of  extrane- 
ous, interfering  elements  in  the  specimen. 

An  effective  method  of  reducing  this  influence  on 
the  analytical  results  to  a  minimum,  and  enhancing 
the  accuracy  and  universal  applicability  of  the  spec- 
troscopic method  is  to  use  isotopes  of  the  element 
in  question  as  an  internal  standard.  Under  these 
conditions,  the  relative  intensity  of  both  "isotopic 
components"  of  the  spectral  lines  of  this  element 
will  be  virtually  independent  of  the  conditions  of 
evaporation  and  excitation  of  the  element  and  will 
be  determined  primarily  by  the  relative  concentration 
of  the  isotopes  in  the  specimen. 


In  investigating  the  spectrum  of  uranium  we  dis- 
covered many  lines  with  isotopic  shifts.  We  decided 
that  the  4244A  line  was  most  suitable  to  work  with. 
UL>33  and  IP33  were  used  as  internal  standards.  We 
developed  and  applied  a  method  for  determining 
uranium  in  various  ores,  minerals  and  concentrates, 
having  uranium  contents  ranging  from  0.01  to  5% 
and  higher.  With  this  method,  the  specimen  requires 
no  chemical  preparation  beyond  mixing  with  the  light 
uranium  isotope.  Complete  analysis  requires  1  to  2 
hours.  We  attained  an  accuracy  of  within  2.5%. 
Table  I  shows  the  results  of  a  series  of  determina- 
tions of  uranium  in  different  materials,  obtained  in 
a  refining  plant.  Only  1  mg  of  uranium-235  or  ura- 
nium-233  is  required  for  250  determinations. 

A  limit  on  greater  accuracy  is  imposed  by  the 
characteristics  of  the  photographic  emulsions.  Tt 
should  be  possible  to  increase  the  accuracy  to  within 
0.5%,  but  photo-electric  detection  would  have  to  be 
used  instead  of  plates. 

We  were  able  to  compare  and  evaluate  the  method 
of  isotope  addition  in  connexion  with  both  spectro- 
scopic and  mass-spectroscopic  determination.  In 
mass-spectroscopy,  the  uranium  must  be  separated 
from  the  specimen,  which  takes  an  appreciable 
amount  of  time.  Moreover,  the  mass-spectroscopy 
procedure  is  rather  difficult  and  consumes  a  great 
deal  of  time.  However,  an  accuracy  of  within  \% 
or  less  may  be  attained.  In  practice,  the  spectro- 
scopic method  (with  the  addition  of  U235  or  U283) 
proved  more  advantageous.  It  is  nearly  as  accurate 
as  chemical  methods  of  analysis  and  is  much  more 
rapid. 

Lastly,  I  would  like  to  say  a  few  words  regarding 
oscillographic  polarography  as  applied  in  quality 
control  of  uranium  production. 

In  oscillographic  polarography,  a  saw-tooth  voltage 
proportional  to  that  applied  to  the  polarographic 
cell  is  applied  to  the  horizontal  deflection  plates  of 
the  cathode-ray  tube,  while  a  voltage  proportional 
to  the  current  flowing  through  the  cell  is  applied  to 
the  vertical  deflection  plates.  Thus,  a  voltage-cur- 
rent curve  is  obtained  on  the  oscillograph  screen. 
In  certain  cases  the  wave-height  is  proportional  to 
the  concentration  of  the  reducing  agent. 

Slide  1  (Fig.  7  of  P/627)  shows  a  typical  saw- 
tooth oscillogram.  The  beginning  of  the  sharp  in- 
crease in  current  depends  on  the  nature  of  the 
material  analyzed,  i.e.,  its  reduction  potential.  The 
maximum  current  value  corresponds  to  the  concen- 
tration of  the  substance  in  the  solution. 

We  investigated  the  mechanism  of  the  reduction 
of  the  uranyl  ion  UO22+  and  established  the  condi- 
tions necessary  for  determining  a  number  of  simul- 
taneously present  impurities.  Two  uranium  waves 
occurring  in  different  media  were  discovered. 

The  first  uranium  wave,  corresponding  to  the 
UCV*  +  ^  ?=*  UO2+  transition,  is  shown  in  Slide  2 
(Fig.  8  of  P/627),  while  the  second  wave,  corre- 
sponding to  the  UO2+  +  2e  ?=±  U4+  transition,  is 
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Table  I 


The  average 
according  to 
spectral 
analyses,  % 

Deviation 
from  the 
average,  % 

The  aver- 
age accord- 
ing to 
chemical 
analyses,  % 

Difference 
between  spec- 
tral analyses 
and  chem- 
ical analyses, 
% 

2.13 

3.0 

2.14 

-0.5 

2.03 

2.0 

1.99 

4-2.0 

2.13 

3.0 

2.02 

4-5.0 

1.70 

2.0 

1.68 

+  1.2 

2.02 

1.5 

1.98 

+  2.0 

2.22 

5.0 

2.24 

-1.0 

2.29 

0.4 

2.26 

+  1.3 

2.44 

3.0 

2.47 

-1.2 

2.13 

3.0 

2.14 

-0.5 

1.68 

2.2 

1.72 

-2.0 

2.03 

2.0 

1.99 

+  2.0 

2.13 

3.0 

2.02 

4-5.0 

2.02 

1.0 

1.97 

+  3.0 

1.70 

1.2 

— 

— 

2.05 

2.0 

1.98 

+  3.5 

2.09 

1.0 

2.12 

-1.5 

1.75 

2.3 

1.77 

-  1.1 

1.92 

4.0 

1.91 

+  0.5 

1.90 

4.0 

1.91 

-0.5 

2.12 

6.0 

2.30 

-8.0 

1.70 

0.0 

1.79 

-5.0 

2.00 

0.0 

2.13 

-6.0 

2.20 

1.4 

— 

— 

1.96 

2.5 

1.97 

-1.0 

2.00 

0.0 

1.95 

+  2.5 

1.66 

6.0 

1.66 

0.0 

1.80 

2.8 

1.70 

+  6.0 

1.71 

4.0 

1.72 

-0.6 

1.71 

3.6 

1.71 

0.0 

2.03 

2.0 

2.07 

2.0 

shown  in  Slide  3  (Fig.  10  of  P/627).  A  third  wave 
proved  to  be  due  to  traces  of  zinc. 

In  practice  it  proved  possible,  for  example,  to 
determine  simultaneously  lead  and  other  ions  present 
in  appreciable  concentrations  in  the  uranium  solu- 
tion. The  determination  of  lead  is  highly  important 
in  establishing  the  absolute  geological  age  of  a  min- 
eral formation.  An  example  of  such  a  simultaneous 
determination  of  lead  and  uranium  is  shown  in 
Slide  4  (Fig.  9  of  P/627).  The  uranium  and  lead 
waves  may  be  seen  in  the  figure. 

One  of  the  merits  of  the  method  of  oscillograph ic 
polarography  is  that  it  is  1-1.5  orders  of  magnitude 
more  sensitive  than  that  of  ordinary  polarography. 
It  permits  us  to  distinguish  between  ions  whose  re- 
duction potentials  differ  only  slightly. 

Mr.  A.  SOLTAN  (Poland)  presented  paper  P/942 
as  follows: 

I  would  like  to  present  a  brief  report  on  the  re- 
search carried  out  by  the  late  Mr.  Pienkowsky  and 
some  of  his  collaborators  on  the  distribution  of  ura- 
nium and  thorium  deposits  in  Poland. 

These  investigations  are  concerned  with  problems 
of  geology  and  petrography.  I  nevertheless  thought 
it  worth  while  to  report  on  them  here,  as  they  may 
throw  some  light  on  how  these  two  elements,  which 
are  of  such  importance  in  nuclear  physics,  are 
amassed  in  the  earth's  crust.  Being  a  physicist  my- 
self, I  can  only  describe  the  experimental  method 


used  and  the  results  obtained,  without  going  into 
mineralogical  and  geo-chemical  explanations. 

The  investigation  was  pursued  along  two  different 
lines  and  was  aimed  at:  (1)  studying  crystal  inclu- 
sions associated  with  uranium  and  thorium,  and  (2) 
measuring  the  average  concentration  of  these  ele- 
ments in  larger  volumes  of  rock  formations. 

The  first  involves  the  examination  of  a  highly  pol- 
ished section  of  the  mineral  in  question,  both  in  view 
of  the  nature  of  the  inclusions  and  in  view  of  the 
number  of  alpha  particles  emitted  by  different  faces 
per  unit  surface  and  time.  As  the  inclusions  are 
usually  very  small,  the  following  method  was  adopt- 
ed: plates  were  cut  from  the  mineral  formation 
investigated  and  were  reduced  by  grinding  and 
polishing  to  a  thickness  of  about  30  microns.  Liquid 
nuclear  photographic  emulsion  was  applied  to  the 
stone  plates.  After  drying,  the  emulsion  adhered  to 
the  plate  and  recorded  the  alpha  particles  emitted 
by  the  specimen  till  the  time  of  development.  A 
transparent  support  was  obtained  for  the  specimen 
which  permitted  studying  its  structure  and  provided 
a  way  for  simultaneously  recording  the  alpha  particle 
emission  at  every  point.  Thus  by  microscopic  exam- 
ination of  the  emulsion  and  the  specimen  it  was 
possible  to  establish  a  close  correlation  between  the 
character  of  the  inclusions  and  their  radioactivity. 

In  addition  to  confirming  the  already  known  fact 
that  uranium  and  thorium  are  associated  with  in- 
clusions of  zircon  in  biotite,  the  investigators  made 
a  new  discovery ;  namely,  that  uranium  alone,  with- 
out thorium,  is  found  in  very  much  larger  amounts 
in  iron  oxide  inclusions. 

Investigations  of  the  average  concentration  of  ura- 
nium in  larger  volumes  of  uranium-bearing  minerals 
were  carried  out  on  specimens  reduced  to  a  powder 
The  uranium  and  thorium  content  was  measured 
either  by  means  of  Geiger-Miiller  counters  or  with 
the  aid  of  nuclear  emulsions.  These  methods,  as 
well  as  the  corrections  which  must  be  made  in  the 
readings,  are  to  well  known  to  need  description  here. 

Among  what  I  consider  to  be  the  most  interesting 
results  of  the  research  are  those  establishing  a  cor- 
relation between  the  uranium  content  of  phosphorites 
and  the  age  of  the  geological  formation  from  which 
the  specimen  was  taken.  This  correlation  is  illustrated 
by  a  table  and  a  graph  which  are  to  be  found  in  our 
paper.  The  numbers  in  the  table  show  that  radio- 
activity in  the  phosphorites  examined  varied  from 
specimen  to  specimen.  This  radioactivity  varies  mo- 
notonously with  the  age  of  the  formation,  decreasing 
in  a  ratio  of  40  to  1  as  the  age  increases  from  80  to 
400  million  years. 

An  interesting  fact  is  that  some  specimens  with  a 
radioactivity  of  about  4% — in  other  words,  the  same 
degree  of  radioactivity — were  taken  from  geological 
formations  very  close  to  each  other  in  age  but  over 
200  kilometres  apart.  The  existence  of  such  a  rela- 
tion between  the  radioactive  substance  content  and 
the  age  of  the  phosphorites  strikes  me  as  very  inter- 
esting. It  may  be  due  to  the  conditions  which  pre- 


372 


VOL.  VIII        SESSION  15B.2 


vailed  when  the  deposit  was  formed  or  to  its  subse- 
quent evolution.  However,  it  would  be  premature  to 
draw  any  definite  conclusions  on  that  score.  The  re- 
search in  progress  will  undoubtedly  bring  to  light 
new  facts. 

Mr.  M.  V.  Susie  (Yugoslavia)  :  presented  paper 
P/964  as  follows : 

The  ascorbic  supporting  electrolyte  for  the  polaro- 
graphic  determination  of  uranium  deserves  special 
attention.  Its  reducing  and  complex-forming  capac- 
ities permit  the  determination  of  uranium  in  the 
presence  of  a  considerable  excess  of  other  elements 
and  also  in  ores,  without  preliminary  separation. 

Studying  the  uranium  wave  in  ascorbic  supposing 
electrolyte  in  the  pH  range  from  1-9.5,  it  was  found 
that  at  pH  <  2  the  wave  possesses  a  certain  residual 
current — for  the  uranium  concentrations  below  10~5 
gm/ml.  An  increase  of  pH  produces  a  decrease  of 
the  residual  current  which  disappears  at  pli  <  3.5. 

By  measuring  the  diffusion  current  at  different 
pH,  and  different  known  concentrations  of  uranium, 
it  was  found  that  the  ratio  between  the  diffusion 
current  and  the  uranium  concentration  is  constant, 
that  is  id/e  =  k  in  the  pH  range  from  1-9.5.  This 
shows  that  uranium  can  be  determined  either  in  acid 
or  in  alkaline  media  with  ascorbic  supporting  elec- 
trolyte. Because  of  the  complete  absence  of  oxygen 
one  obtains  a  well  formed  wave  for  the  uranium 
concentration  of  2  X  10""°  gm/ml. 

Since  the  ascorbic  acid  reduces  all  ions  more  posi- 
tive than  0.5  volts  vs  hydrogen  to  a  state  of  lower 
valency  and  forms  soluble  complexes  with  reduced 
as  well  as  with  non-reduced  ions — more  negative 
than  0.5  v  with  reference  to  hydrogen — we  were  able 
to  determine  uranium  in  the  presence  of  a  consider- 
able excess  of  a  great  number  of  other  elements. 

A  considerable  number  of  ores  of  different  com- 
position were  analysed.  The  results  were  compared 
with  those  obtained  by  other  methods :  colorimetric, 
fluorimetric  and  radiochemical.  The  agreement  be- 
tween the  different  methods  is  good. 

The  method  of  alkaline  ascorbic  supporting  elec- 
trolyte was  used  to  determine  uranium  in  carbonate 
solutions  of  ores.  Since  the  ores  in  most  cases  con- 
tain organic  materials  which  pass  into  the  carbonate 
solution  and  interfere  with  the  determination  of  ura- 
nium, they  had  to  be  destroyed  with  nitric  and 
sulphuric  acids.  The  dry  residue  of  sulphates  is  dis- 
solved in  water,  ascorbic  acid  added  and  then  am- 
monia until  .the  medium  becomes  alkaline.  The 
solution  is  then  analysed.  Tt  was  not  necessary  to 
bubble  the  solution  with  nitrogen,  nor  to  add  gela- 
tine. Excellent  uranium  waves,  without  interferences, 
were  obtained. 

This  method  is  especially  convenient  for  checking 
the  carbonate  dissolution  of  uranium  ores,  rich  in 
vanadium  and  molybdenum,  on  an  industrial  scale. 

The  polarographic  investigation  of  the  reduction 
of  the  uranyl  ascorbic  complex  at  the  dropping  mer- 
cury electrode  showed  that  this  reduction  is  revers- 
ible and  involves  the  exchange  of  one  electron.  A 


mixture  of  U(VI)  and  U(V)  complex  in  the 
ascorbic  supporting  electrolyte  gives  an  anodic- 
cathodic  wave  having  the  same  half-wave  potential. 

From  the  change  of  the  half-wave  potentials  of 
the  uranyl  ascorbic  complex,  effected  by  the  change 
of  the  concentration  of  the  ascorbic  supporting 
electrolyte,  we  have  determined  certain  constants 
relating  to  the  electrode  reaction. 

Mr.  L.  M.  BARKOV  (USSR)  presented  paper 
P/630  and  added  the  following  statement  to  the 
published  text: 

Recently  the  apparatus  I  described  has  been  some- 
what modified :  the  sensitivity  of  the  gamma-ray  co- 
incidence indicators  has  been  doubled  by  the  intro- 
duction of  a  system  registering  coincidences  between 
neighbouring  counters  in  each  annular  layer.  This 
two-fold  increase  in  the  sensitivity  of  the  equipment 
has  made  it  possible  to  reduce  the  weight  of  the 
samples  required  by  half :  i.e.,  to  300  grams. 

Mr.  T.  G.  DE  FRAENZ  (Argentina)  presented  paper 
P/1008. 

DISCUSSION  OF  P/952,  P/627,  P/942,  P/964,  P/630 
AND  P/1008 

The  CHAIRMAN  :  The  first  question  is  on  paper 
P/952  and  is  addressed  to  Mr.  Roclden.  It  comes 
from  Mr.  A.  A.  Smales  of  the  United  Kingdom: 
"I  would  be  glad  to  have  the  author's  opinion  on  the 
value  of  the  lead  reductor  in  the  colorimetric  deter- 
mination of  uranium.  It  would  seem  to  have  the 
advantage  that  reduction  takes  place  only  to  the 
tctravalent  stage,  so  that  you  avoid  the  aeration 
step." 

Mr.  RODDEN  (USA)  :  The  lead  reductor  has  been 
used  to  a  considerable  extent  by  certain  people  in  the 
United  States,  and  1  believe  that  it  has  been  used 
more  in  the  low  grade  ores  than  in  the  high  grade. 
We  have  never  tried  it  in  the  high  grade  ores,  so  that 
I  cannot  say.  I  am  sorry  I  cannot  do  any  better 
than  that. 

The  CHAIRMAN  :  Now  we  have  some  questions 
addressed  to  Mr.  Vinogradov. 

Mr.  VINOGRADOV  (USSR)  :  I  have  been  handed 
a  number  of  questions : 

1.  Can  you  describe  the  equipment  for  evapora- 
ting and  collecting  the  impurities  in  analysis  of  ura- 
nium for  impurities? 

Answer:  The  main  part  of  the  equipment  is  a 
graphite  rod  some  2-3  cm  in  length  and  0.6  cm 
in  section,  which  has  a  crater  1.5-2  mm  across  and 
about  10  mm  deep.  The  U3O8  is  packed  into  this 
crater.  Then  the  graphite  rod  is  placed  in  a  resis- 
tance furnace  with  either  a  carbon  or  a  water-cooled 
copper  electrode  suspended  1-3  mm  above  it;  the 
distilled  impurities  condense  on  this  electrode,  which 
is  the  electrode  used  to  produce  the  spectrum. 

2.  If  the  time  required  to  evaporate  this  specimen 
is  two  minutes,  what  other  operations  account  for 
the  analysis  time  ? 

Answer :  At  the  plant,  in  the  case  of  spectral  de- 
termination, results  are  obtained  in  about  15  minutes, 
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but  when  the  spectrum  must  first  be  photographed 
much  more  time  is  required.  We  use  a  number  of 
different  spectroscopes  for  the  impurity  determina- 
tions; these  are  all  medium  dispersion  instruments. 
Our  spectroscope  is  very  similar  to  the  Hilger  No.  24 
spectroscope.  This  spectroscope  can  be  used  for  de- 
termining the  impurities  in  uranium.  Determinations 
by  the  method  of  isotopic  additions  require  a  spectro- 
scope with  a  higher  dispersion;  our  spectroscope  has 
a  dispersion  of  2A  per  mm. 

3.  In  determining  uranium  by  the  X-ray  method 
do  you  use  fluorescence  instruments  or  do  you  do 
this  by  means  of  a  target  ? 

Answer:  Tn  the  case  of  determining  rare  earths 
in  uranium  we  carry  out  the  analysis  with  reference 
to  a  standard.  But  we  also  use  more  complex  analy- 
tical procedures.  They  have  all  been  described;  in 
connexion  with  this  I  would  like  to  call  your  atten- 
tion to  the  references  by  Vainshtein  et  al.  cited  in 
my  written  report,  where  both  theoretical  and  prac- 
tical aspects  of  the  problem  are  discussed  in  detail. 

4.  Is  the  concentration  process  necessary  in  de- 
termining rare  earths  in  uranium? 

Answer:  Calculation  readily  supplies  an  answer  to 
this  question.  About  10~7  grams  of  the  rare  earths 
is  required  for  X-ray  spectrum  analysis.  Usually 
these  are  present  in  uranium  in  the  amount  of  10-"%. 
Consequently  many-fold  enrichment  is  necessary. 
Complete  elimination  of  the  uranium  is  desirable  but 
not  absolutely  necessary. 

5.  How  much  time  does  the  chemical  part  of  the 
procedure  require? 

Answer:  Tt  requires  as  much  as  a  full  working 
day ;  the  photography  itself  of  course  is  quickly  ac- 
complished. We  are  currently  using  three  different 
methods  for  determining  rare-earth  elements  in  ura- 
nium :  X-ray  spectrum  and  emission  spectrum  analy- 
sis and  radioactivity  analysis.  The  composition  of  the 
mixture  of  rare  earths  can  be  successfully  determined 
by  any  one  of  these  methods. 

The  CHAIRMAN  :  There  are  three  more  questions 
for  Mr.  Vinogradov  from  Mr.  Smales  of  the  United 
Kingdom.  First:  In  the  enhancement  of  the  urani- 
um polarographic  step  by  vanadium,  could  Professor 
Vinogradov  suggest  by  what  mechanism  this  takes 
place  ?  Could  vanadium  be  used  in  a  fixed  amount  in 
the  base  electrolyte  to  give  increased  sensitivity  for 
uranium? 

Mr.  VINOGRADOV  (USSR)  :  We  know  that  vana- 
dium always  interferes  with  determination  of  ura- 
nium by  polarographic  as  well  as  other  methods.  A 
vanadate-uranyl  complex  is  formed  in  the  presence 
of  vanadium.  This  has  been  discussed  in  one  of  our 
reports.  However,  in  this  case  the  sensitivity  of  the 
polarographic  determination  of  uranium  is  increased. 

The  CHAIRMAN:  The  next  question  is:  In  the 
internal  standard  method  for  optical  spectrographic 
determination  of  uranium,  how  is  the  trace  of  ura- 
nium introduced,  and  what  increased  complexity 
from  the  health  hazard  point  of  view  is  involved  in 
its  use? — in  the  international  standard  perhaps. 


Mr.  VINOGRADOV  (USSR)  :  Working  with  ura- 
nium under  laboratory  conditions  presents  no  hazard. 
Usually  one  must  have  a  standard  containing  U285. 
When  it  is  necessary  to  introduce  U23B  it  is  mixed 
with  some  suitable  neutral  medium  and  then  the 
mixture  containing  the  diluted  isotope  is  added  to 
the  sample  being  analysed  for  uranium. 

The  CHAIRMAN:  The  third  question  is:  If  a 
chemical  separation  of  rare  earths  is  necessary 
before  X-ray  spectrographic  examination,  is  there 
any  advantage  in  using  the  latter  technique  over  that 
of  optical  spectroscopy  ? 

Mr.  VINOGRADOV  (USSR)  :  In  both  cases  the  rare 
earths  have  to  be  separated  from  the  uranium.  But 
.spectral  analysis  in  the  presence  of  a  number  of 
extraneous  elements  accompanying  the  rare  earths 
does  not  give  accurate  results.  The  accuracy  in  spec- 
tral analysis  is  within  50-100%  while  X-ray  spectral 
analysis  gives  an  accuracy  of  within  5-10%  for  a 
mixture  of  rare  earths.  The  choice  of  technique  will 
depend  on  the  purpose  of  the  analysis. 

The  CHAIRMAN  :  Thank  you  very  much  for  those 
answers,  Mr.  Vinogradov.  Now  there  is  a  question 
from  Mr.  Rodden  (USA)  to  Mr.  Soltan:  "How  do 
you  differentiate  between  thorium  and  uranium  in 
rocks  which  contain  both  elements,  and  how  is  the 
age  of  the  minerals  cited  determined?** 

Mr.  A.  SOLTAN  (Poland)  :  From  observation  of 
the  stars  one  can  tell  whether  the  scintillation  is  due 
to  uranium  or  thorium.  The  path  lengths  of  the 
alpha-particles  are  also  known.  Consequently,  using 
the  methods  recently  developed  by  Mrs.  Joliot-Curie 
and  others,  one  can  determine  the  relative  concen- 
trations of  thorium  and  uranium. 

The  second  question  was :  How  is  the  age  of  the 
deposit  determined  ?  This  is  done  by  geologists.  The 
age  is  known  within  an  approximation  of  10  to  20%. 

The  CHAIRMAN:  We  have  a  question  here  from 
Mr.  Rodden  to  Mr.  Susie:  "What  are  the  effects  of 
vanadium  and  molybdenum  when  you  analyze  ura- 
nium containing  mixtures  of  these  elements?" 

Mr.  Susie  (Yugoslavia)  :  They  do  not  give  in 
an  electrolytic  media  any  waves,  and  in  an  acid, 
vanadium  less  than  in  equal  amounts  does  not  dis- 
turb at  all ;  nor  does  molybdenum  if  it  is  more  than 
3  times  the  uranium  concentration. 

The  CHAIRMAN  :  Now  we  have  two  questions  on 
P/630  to  Mr.  Barkov.  The  first  one  is  from  Mr. 
G.  N.  Walton  (UK)  :  "I  should  like  to  ask  the  author 
of  paper  P/630  if  the  density  or  degree  of  porosity  of 
the  specimen  is  allowed  for  in  the  estimation?  Beta 
rays  are  absorbed  more  readily  than  gamma  rays  and 
this  would  be  expected  to  affect  very  appreciably  the 
conclusions  drawn.  " 

Mr.  BARKOV  (USSR)  :  Variations  of  the  speci- 
men density  introduce  very  little  error  into  the 
measurement  of  the  total  gamma  radiation  and  of 
the  hard  gamma  radiation  since  the  gamma  counter 
is  shielded  by  a  layer  of  lead  1.5  mm  thick,  and 
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consequently  self -absorption  of  the  specimen  has 
little  effect  on  the  measurements.  In  the  case  of  the 
beta  counter  we  introduce  the  necessary  corrections 
for  the  density  of  the  specimen.  This  applies  to  the 
case  of  very  dense  specimens.  Moreover,  self -shield- 
ing where  the  beta  counters  are  concerned  has  little 
apparent  effect  by  virtue  of  the  fact  that  this  counter 
is  not  particularly  sensitive  to  soft  gamma  radiation. 

The  CHAIRMAN  :  There  is  finally  a  question  here 
from  Mr.  Rodden :  "After  sealing  the  sample  in  the 
aluminum  cylinder,  how  long  do  you  have  to  wait 
before  making  measurements?  Do  you  have  to  wait 
until  equilibrium  with  the  radium  is  reached?  How 
do  you  seal  the  cylinder  to  prevent  leakage  of 
radon?" 


Mr.  BARKOV:  (USSR)  :  Leakage  of  radon  from 
the  specimen  is  prevented  in  the  following  manner. 
A  rubber  gasket  is  provided  between  the  container 
holding  the  specimen  and  the  cover  which  screws 
on  to  the  cylinder ;  this  gasket  ensures  a  tight  seal 
and  prevents  leakage  of  radon.  In  our  measurements 
we  usually  did  not  wait  until  equilibrium  between 
the  radium  and  radon  was  established.  Usually  this 
occurs  after  the  cylinder  has  been  sealed,  for  it  takes 
several  hours  for  the  radium  decay  products  to  reach 
equilibrium  with  the  radon.  In  cases  when  it  is  de- 
sired to  know  the  radium  content  another  measure- 
ment is  made  several  days  after  the  first  one.  Then 
the  amount  of  radium  in  the  ore  can  be  evaluated 
from  the  increase  in  the  count  rate. 
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Survey  of  Heavy-Water  Production  Processes 

By  Manson  Benedict,*  USA 


1.     INTRODUCTION 

This  paper  describes  those  processes  for  the  pro- 
duction of  deuterium  or  heavy  water  which  have 
been  used  on  an  industrial  scale  or  which  appear  to 
have  economic  merit. 

Attention  is  devoted  to  the  principle  of  each 
process,  the  physical  factors  on  which  separation 
depends,  the  general  type  and  arrangement  of 
equipment  leading  to  minimum  cost,  and,  where 
information  is  available,  the  probable  cost  of  heavy 
water  made  in  an  efficient  plant.  Where  relevant  to 
these  topics  brief  descriptions  are  given  of  processes 
developed  in  the  United  States  and  those  described 
by  European  workers,  but,  no  attempt  is  made  to 
present  a  complete  history  of  the  heavy  water  in- 
dustry. A  detailed  account  of  heavy-water  develop- 
ments under  the  Manhattan  District  in  the  United 
States  is  given  by  Maloney  and  Ray.16 

Because  of  the  low  proportion  of  deuterium  to 
hydrogen  in  nature  (140  to  150  part  per  million) 
and  the  large  amount  of  heavy  water  needed  per 
reactor  (5  to  200  tons)  an  economically  feasible 
process  for  separating  deuterium  must  be  capable  of 
handling  large  amounts  of  material  at  low  unit  cost. 
Although  the  difference  in  properties  between  a 
compound  of  hydrogen  and  the  corresponding  com- 
pound of  deuterium  is  comparatively  large  (for 
isotopes),  and  many  processes  have  been  discovered 
which  separate  these  isotypes  on  a  small  scale,  only 
a  few  will  do  so  economically  on  a  large  scale.  The 
separation  methods  which  appear  to  be  best  suited 
for  large  scale  production  are  (1)  distillation,  (2) 
electrolysis  of  water,  and  (3)  chemical  exchange. 
Discussion  will  be  confined  to  these  methods. 

Separation  methods  excluded  from  discussion 
because  of  anticipated  high  costs  for  energy,  chemicals 
or  material  handling,  or  because  of  excessive  work- 
ing inventory  of  partially  enriched  deuterium,  in- 
clude : 

1 .  Processes  involving  movement  or  batch  handling 
of  solids,  such  as  adsorption  or  ion  exchange. 

2.  Processes  using  only  condensed  phases,  such  as 
solvent  extraction  or  fractional  crystallization. 

3.  Processes  dependent  on  differences  in  reaction 
rates  of  isotopic  substances. 

4.  Processes  dependent  on  differences  in  diffusion 
rates,  such  as  diffusion  through  a  porous  membrane, 
thermal  diffusion,  or  differential  ion  migration. 


*  Massachusetts  Institute  of  Technology,  Cambridge,  Mass. 


1.1     Distillation 

For  separation  by  distillation  to  be  economic  it 
is  necessary  that  the  vapor  pressure  of  a  compound 
of  hydrogen  differ  significantly  from  that  of  the 
corresponding  compound  of  deuterium.  Table  I 
gives  the  ratio  of  the  vapor  pressures  of  several 
common  compounds  of  hydrogen  to  the  correspond- 
ing compounds  of  deuterium,  at  the  triple  point 
temperature  and  at  the  normal  boiling  temperature 
of  the  hydrogen  compound.  For  each  compound, 
the  vapor  pressure  ratio  is  most  favorable  at  the 
triple  point,  the  lowest  pressure  at  which  distillation 
is  possible. 

Hydrogen  is  the  only  one  of  these  substances 
which  has  a  vapor  pressure  ratio  as  favorable  as 
in  conventional  industrial  distillation.  In  this  case, 
however,  the  relative  volatility  for  isotope  separation 
is  less  favorable  than  the  tabulated  vapor  pressure 
ratios  because  of  non-idealities  in  gaseous  and 
liquid  mixtures  of  hydrogen  and  HD.  Moreover,  it 
is  desirable  to  operate  above  atmospheric  pressure, 
to  preclude  inleakage  of  air.  Under  practical  con- 
ditions, at  1.6  atm,  the  relative  volatility  obtainable 
is  around  1.40. 

With  water  it  has  been  shown  experimentally18 
that  the  relative  volatility  for  isotope  separation  at 
100°C  is  equal  to  the  square  root  of  the  ratio 
of  the  vapor  pressure  of  H2O  to  D2O,  the  quantity 
tabulated.  This  is  true  when: 

1.  The  vapor  pressure  ratio  of  H2O  to  HDO  is 
the  same  as  HDO  to  D2O. 

2.  The  distribution  of  deuterium  and  hydrogen 
atoms  at  equilibrium  in  the  liquid  phase  among  H2O, 
HDO  and  D2O  is  random. 

3.  Gaseous   and   liquid  mixtures   of   these   com- 
pounds form  ideal  solutions. 

For  ammonia  it  is  assumed  that  similar  conditions 
hold,  so  that  the  relative  volatility  for  isotope  sepa- 
ration equals  the  cube  root  of  the  ratio  of  vapor 
pressure  of  NH8  to  ND3. 

Methane  cannot  be  used  as  working  substance 
in  a  distillation  process  because  its  relative  vola- 
tility is  so  close  to  unity.  This  is  regrettable  because 
of  the  large  amount  of  natural  gas  which  might 
be  used  as  a  source  of  deuterium. 

Although  water  has  a  slightly  less  favorable 
relative  volatility  than  ammonia,  water  makes  the 
better  working  substance  because  it  can  be  distilled 
at  ordinary  temperatures,  whereas  ammonia  re- 
quires refrigeration  and  special  construction  materials. 
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Table  I.     Vapor  Pressure  Ratios  of  Isotopic  Compounds  of  Hydrogen 


Vapor  pressure  ratio  at 


Triple  point 


Ratio  of 

Triple  pt. 

N.B.  pt. 

P,  mm 

t,*C 

"*cy 

Reference 

o-H2/HD 

3.61 
1.080 
1.120 
1.0016 

1.81 
1.036 
1.026 
0.9965 

54 
45.6 
4.6 
87.5 

-  259.4 
-   77.7 
0.0 
-  182.5 

-  252.9 
-   33.6 
100.0 
-  161.9 

27 
15 
13 

1 

VNH3/ND3 

V  H2O/D2O 
CH4/CH8D 

Water  is  available  in  unlimited  quantities,  whereas 
the  amount  of  deuterium  which  could  be  extracted 
from  ammonia  is  limited  to  the  amount  present  in 
ammonia  produced  industrially. 

Hydrogen,  with  by  far  the  most  favorable  rela- 
tive volatility,  should  make  the  best  working  sub- 
stance for  a  distillation  plant,  although  the  need  to 
operate  at  unconventionally  low  temperatures  and 
the  limitation  in  output  set  by  the  amount  of 
deuterium  present  in  hydrogen  produced  for  industry 
are  disadvantages. 

1.2     Chemical  Exchange 

Separation  by  chemical  exchange  makes  use  of 
reactions  of  the  type  of 

H20  +  HD^IIDO+  II, 

in  which  the  ratio  of  deuterium  to  hydrogen  at 
equilibrium  in  one  pair  of  isotopic  compounds 
(H2O  +  HDO)  differs  from  the  ratio  in  the  other 
pair  (H2  +  HD).  When  these  two  pairs  of  com- 
pounds are  moved  countercurrent  to  each  other  in 
different  phases,  separation  of  deuterium  from  hy- 
drogen may  be  effected  in  a  manner  similar  to 
separation  of  different  chemical  species  by  gas-liquid 
absorption  or  liquid-liquid  extraction. 

Equilibrium  constants  for  deuterium  exchange 
reactions  are  listed  in  Table  XIII  of  Section  7,  where 
it  is  shown  that  the  most  suitable  reactions  are 

H20  +  HD  ^  HDO  +  H2  (K  =  2.69  at  100° C) 

H2O  +  HDS  ;=±HDO  +  H2S  (K  =  1.92  at  100°) 

NH3  +  HD  ^±  N112D  +  H2  (K  =  5.83  at  25°C) 

Reflux  for  the  countercurrent  exchange  contactor 
may  be  obtained  in  one  of  two  ways :  ( 1 )  in  simple 
chemical  exchange,  by  chemical  conversion  of  one 
deuterium-rich  compound  to  the  other  (e.g.,  HDO  to 
HD),  or  (2)  in  the  "dual-temperature"  process,  by 
a  second  exchange  contactor  operated  at  a  different 
temperature  than  the  first,  with  a  different  equi- 
librium constant. 

The  chemical  conversion  used  in  the  simple  ex- 
change process  is  costly,  and  would  not  be  used 
unless  the  conversion  product  is  valuable  and  mar- 
ketable. Of  the  three  reactions  listed  above,  only 
the  conversion  of  water  to  hydrogen  is  profitable; 
conversion  of  ammonia  to  hydrogen  is  an  economic 
loss,  and  conversion  of  water  to  hydrogen  sulfide 
cannot  be  exploited  on  the  scale  necessary  in  a 
heavy-water  plant.  Thus,  only  the  steam-hydrogen 
reaction  is  useful  in  the  simple  exchange  process; 


all  three  reactions  may  be  considered  in  the  dual- 
temperature  scheme. 

1.3     Processes  Considered 

For  the  reasons  sketched  above,  the  following 
processes  are  to  be  considered  in  this  paper :  Section 
2,  distillation  of  hydrogen ;  Section  3,  distillation  of 
hydrogen,  combined  with  steam -hydrogen  exchange ; 
Section  4,  distillation  of  water ;  Section  5,  electrolysis 
of  water;  Section  6,  simple  steam-hydrogen  ex- 
change process;  and  Section  7,  dual-temperature 
processes.  In  Section  8,  the  processes  are  compared 
and  conclusions  are  drawn  regarding  their  useful- 
ness and  cost. 

2.     DISTILLATION  OF  HYDROGEN 
2.1     History 

The  samples  of  hydrogen  enriched  in  deuterium 
in  which  Urey,  Brickwedde  and  Murphy  discovered 
this  isotope  in  193225  were  prepared  by  the  fractional 
evaporation  of  liquid  hydrogen  Despite  this  early 
indication  of  the  utility  of  this  process,  it  has  not 
yet  been  used  commercially,  primarily,  because  of 
the  lack  of  industrial  experience  with  large  plants 
operating  at  liquid  hydrogen  temperatures. 

Production  of  deuterium  by  the  distillation  of 
hydrogen  was  given  serious  consideration  by  the 
Manhattan  District  in  the  United  States.  In  1943, 
preliminary  plant  designs  and  cost  estimates  were 
developed  by  engineers  of  the  duPont  Company 
working  in  collaboration  with  Urey.16  This  work 
showed  that  the  distillation  of  hydrogen  was  a  more 
economical  process  for  producing  deuterium  than 
other  methods  then  available.  Nevertheless,  work 
on  this  process  was  stopped  and  plants  using  the 
steam-hydrogen  exchange  reaction  and  the  water 
distillation  process  were  built  instead.  The  decision 
not  to  use  the  low-temperature  process  at  that  time 
was  primarily  a  result  of  uncertainty  regarding  the 
length  of  time  required  to  solve  the  novel  engineer- 
ing problems  connected  with  handling  large  quan- 
tities of  gases  at  low  temperature. 

Studies  in  Germany  carried  out  at  about  the  same 
time  by  Clusius  and  Starke5  also  showed  the 
promise  latent  in  this  process.  With  the  aid  of 
engineers  of  the  German  Linde  Company,  process 
designs  for  a  hydrogen  distillation  plant  were  worked 
out.  Clusius  and  Starke  concluded  that  deuterium 
could  be  prod v  ted  by  the  distillation  of  pure  liquid 
hydrogen  with  a  power  consumption  of  only  4.8 
kilowatt  hours  per  gram  of  heavy  water,  whereas 
electrolysis  required  from  120  to  150  kilowatt  hours 
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per  gram.  These  workers  conducted  the  first  experi- 
mental work  on  the  fractional  distillation  of  liquid 
hydrogen  and  showed  that  a  mixture  of  hydrogen, 
HD  and  deuterium  could  be  separated  by  fractional 
distillation  at  atmospheric  pressure  into  relatively 
pure  fractions  of  H2,  HD,  and  D2  without  HD 
undergoing  disproportionate  and  without  appreci- 
able conversion  of  ortho  to  para  modifications. 

Based  on  this  experimental  work,  the  distillation 
flowsheet  shown  in  Fig.  1  was  proposed  by  these 
authors.  Natural  hydrogen  containing  0.028%  HD  at 
slightly  above  atmospheric  pressure  is  cooled  to  its 
dew  point  (around  — 420°F)  and  fed  into  the 
primary  distillation  tower.  Tn  this  tower  it  is 
fractionated  into  an  overhead  product  substantially 
free  of  HD  and  a  bottoms  product  containing  from 
5%  to  10%  HD.  The  bottoms  from  this  tower  are 
fed  into  the  upper  half  of  a  smaller  secondary  tower, 
where  fractionation  into  a  bottoms  product  of 
nearly  pure  HD  is  completed.  This  HD  is  warmed 
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Figure  1.  Flowsheet  for  production  of  deuterium  by  distillation  of 
liquid   hydrogen   (Clusius  and   Starke) 

to  room  temperature  in  a  heat  exchanger  and  passed 
through  a  catalytic  exchange  reactor  where  its  dis- 
proportionation  into  an  equilibrium  mixture  of  H2, 
HD  and  D2  is  catalyzed.  The  product  of  the  exchange 
reaction  is  cooled  to  liquid  hydrogen  temperatures 
in  the  heat  exchanger  and  fed  to  the  bottom  half 
of  the  secondary  tower  where  it  is  fractionated  into 
an  overhead  product  of  HD  +  H2  and  a  bottoms 
product  of  pure  deuterium.  This  is  warmed  to  room 
temperature  in  the  heat  exchanger  and  constitutes 
the  product  of  the  plant.  The  HD  and  H2  overhead 
from  the  bottom  of  the  secondary  tower  is  fed  to  the 
top  of  the  secondary  tower  for  recovery  of  HD. 

Heat  to  reboil  these  towers  is  provided  by  a 
stream  of  compressed,  HD-free  hydrogen,  which 
is  condensed  in  reboiler  coils  located  in  the  sump 
of  these  towers.  The  condensed  HD-free  hydrogen 
is  then  used  as  open  reflux  in  the  top  of  the  primary 
tower.  A  Linde,  double-column  arrangement  is 
used  to  provide  reflux  for  the  bottom  of  the  second- 
ary tower  and  reboil  vapor  for  the  top  of  this  tower. 

In  1950  and  1951  this  process  was  carried  one 
stage  further  towards  industrial  realization  when 


Hydrocarbon  Research,  Inc.  was  authorized  by  the 
US  Atomic  Energy  Commission  to  design  a  plant 
to  produce  deuterium  by  distillation  of  liquid  hydro- 
gen obtained  from  synthesis  gas  at  one  of  the  syn- 
thetic ammonia  plants  in  the  United  States.  An 
experimental  program  to  provide  data  necessary  for 
this  design  was  carried  out  and  the  design  itself 
was  nearly  completed.  The  plant,  however,  was  not 
built.  This  work  has  been  described!1  in  report  NYO- 
889  of  the  US  Atomic  Energy  Commission.12  A 
brief  description  of  the  process  and  plant  designed 
by  Hydrocarbon  Research  and  some  of  the  design 
problems  encountered  is  given  in  the  following  sec- 
tions of  this  article.  The  main  reason  for  the  deci- 
sion not  to  build  this  plant  was  again  lack  of  experi- 
ence in  handling  liquid  hydrogen  on  so  large  a  scale. 
It  has  recently  been  announced  that  the  French 
Atomic  Energy  Commission  has  authorized  Societe 
de  L'Air  Liquide  to  design  and  build  a  plant  for  the 
production  of  deuterium  by  the  distillation  of  liquid 
hydrogen  obtained  from  synthesis  gas  at  the  ammonia 
plant  of  Societe  de  L'Air  Liquide  at  Toulouse, 
France.  This  will  be  the  first  reported  commercial 
application  of  this  process. 

2.2     Hydrogen  Distillation  Process  of 
Hydrocarbon  Research,  Inc. 

2.21      Plant  Location   and   Specifications 

Jt  is  not  economical  to  produce  hydrogen  solely  for 
the  purpose  of  extracting  deuterium.  Hydrogen  pro- 
duced commercially,  as  by  reforming  natural  gas, 
costs  around  50^  per  thousand  cubic  feet;  this  cor- 
responds to  around  $75  per  pound  of  heavy  water. 
A  hydrogen-distillation  deuterium  plant  is  therefore 
necessarily  parasitic,  taking  a  stream  of  hydrogen- 
rich  gas  produced  for  other  purposes,  extracting 
most  of  the  deuterium,  and  returning  the  deuterium- 
free  hydrogen  to  the  host  plant. 

In  1949-1950  Hydrocarbon  Research,  Inc.  con- 
ducted a  survey  of  large  sources  of  gases  rich  in 
hydrogen  in  the  United  States,  and  concluded  that 
the  largest  synthetic  ammonia  plants  then  in  the 
U.S.A.  were  suitable  sources  of  hydrogen  for  separa- 
tion of  deuterium  by  distillation. 

For  low-cost  deuterium  production,  the  produc- 
tion rate  of  ammonia  should  be  at  least  300  tons  per 
day.  Coke-oven  gas  was  recognized  as  another  pos- 
sible source  of  hydrogen,  but  a  less  suitable  one 
because  of  the  greater  cost  of  purification. 

It  was  found  that  hydrogen  in  synthesis  gas  of 
these  ammonia  plants  contained  from  108  to  127 
parts  per  million  of  deuterium  instead  of  the  normal 
149.  This  low  value  was  traced  to  the  water-gas 
shift  reaction  used  to  make  hydrogen 


in  which  deuterium  tends  to  concentrate  in  un- 
converted steam,  which  was  not  being  recycled.  It 
was  believed  that  most  of  this  steam  could  be  re- 
covered and  reused,  to  bring  the  deuterium  content 
up  to  136  parts  per  million.  At  this  feed  concentra- 
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tion,  with  90%  conversion  of  hydrogen  to  ammonia, 
and  86%  recovery  of  deuterium  from  hydrogen,  it 
would  be  possible  to  produce 


20 


0.86 
0.90 


X  0.000136  X  2000  =  0.46  Ib 


of  heavy  water  per  ton  of  ammonia. 

The  best  location  for  a  hydrogen  distillation  plant 
was  thought  to  be  the  ammonia  plant  of  the  Phillips 
Chemical  Co.,  at  Etter,  Texas.  Factors  favoring  this 
plant  were  the  low  cost  of  natural  gas  fuel, 
100/thousand  cubic  feet,  and  the  relatively  high 
rate  of  ammonia  production,  440  tons  per  day  at 
that  time. 

The  Hydrocarbon  Research  hydrogen-distillation 
plant  was  designed  for  this  location,  but  was  sized 
to  handle  20%  more  hydrogen  than  was  then  being 
produced.  The  product  was  to  be  heavy  water  con- 
taining no  more  than  0.25  atom  %  H.  The  design 
recovery  was  86%  of  the  136  parts  per  million  of 
deuterium  present  in  the  feed.  The  annual  output  of 
heavy  water  forecast  was  34.2  tons,  assuming  337 
operating  days  per  year. 

Ammonia  synthesis  gas  from  the  Phillips  plant 
contained  72.2%  H2,  24.1%  N2,  2.7%  CO,  0.2% 
CO2,  0.4%  CH4,  lesser  quantities  of  argon,  helium 
and  neon,  and  variable  amounts  of  oxygen  and 
water.  The  gas  was  available  at  245-psia  pressure. 

2.22     Process 

Before  entering  the  low-temperature  plant  proper, 
the  CO2  content  of  this  gas  would  be  reduced  to 
0.05%  by  scrubbing  with  caustic  soda,  and  the 
oxygen  content  reduced  to  1  ppm  by  passing  the  gas 
over  palladium-on-alumina  catalyst. 

Figure  2  is  a  flowsheet  illustrating  the  principal 
steps  of  the  process  for  separating  hydrogen  from  the 
remaining  impurities  (CH4,  N2,  CO,  etc.),  liquefying 
the  hydrogen,  and  concentrating  the  deuterium  to 
7%  HD.  The  rest  of  the  HRI  process,  for  fractional 
distillation  of  pure  deuterium  from  this  HD  con- 
centrate, is  similar  to  that  of  Clusius  and  Starke 
described  above,  and  will  not  be  detailed.  At  the 
design  feed  rate  this  design  would  produce  0.535 
moles  of  99.75%  D2  per  hour,  corresponding  to  256 
pounds  of  D2O  per  day. 

Gas  from  the  ammonia  plant  at  a  maximum  rate 
of  6465  moles  per  hour  is  compressed  from  245 
to  425  psia.  This  gas  is  then  cooled  to  liquid  hydrogen 
temperatures  by  the  succession  of  feed  heat  ex- 
changers X-l  through  X-5.  Cooling  is  provided  by 
the  outgoing  product  gases,  hydrogen  stripped  of 
deuterium  and  nitrogen.  The  first  of  these  ex- 
changers, X-l,  cools  the  gas  to  the  nitrogen  dew 
point  temperature,  —  275  °F.  While  this  gas  is  being 
cooled,  all  of  the  water  and  some  of  the  carbon 
dioxide  deposits  in  the  feed  passages  of  the  heat 
exchanger.  In  order  to  prevent  the  exchanger  from 
being  fouled,  the  feed  gas  and  the  outgoing  hydrogen 
gas  are  interchanged  at  15-minute  intervals  so  that 
the  outgoing  low-pressure  hydrogen  may  re- 


evaporate  the  water  and  carbon  dioxide  deposited 
from  the  feed. 

Feed  then  passes  through  the  drum  D-l  filled  with 
silica  gel  to  remove  methane  and  the  remaining 
carbon  dioxide,  to  keep  them  from  fouling  equip- 
ment at  lower  temperatures. 

In  exchanger  X-3  the  gas  is  further  cooled  to 
to  — 315°F  and  most  of  the  nitrogen  is  condensed 
as  liquid.  This  nitrogen  is  separated*  in  drum  D-2. 
In  exchanger  X-3  the  gas  is  further  cooled  to 
— 344°  F,  which  is  close  to  the  temperature  at  which 
nitrogen  freezes,  and  a  second  smaller  amount  of 
liquid  nitrogen  is  separated  in  drum  D-3.  The  condi- 
tions of  temperature  (-— 344°F)  and  pressure  (422 
psia)  selected  for  this  separation  of  nitrogen  from 
feed  gas  arc  those  which  leave  the  minimum  possible 
concentration  of  nitrogen  in  the  residual  gas  phase, 
according  to  the  data  of  Verschoyle.20  At  this  point 
the  gas  still  contains  1.9%  nitrogen,  but  has  been 
freed  of  other  condensible  impurities. 

The  gas  from  D-3  is  passed  back  through  ex- 
changer X-3  to  provide  additional  cooling  and  then  is 
expanded  through  the  turbine  E-l  to  245  psia  to  pro- 
vide refrigeration  at  the  —340°  level. 

The  rest  of  the  nitrogen  in  the  gas  must  be  taken 
out  as  solid.  This  is  done  by  cooling  the  gas  to 
— 385°F  in  exchanger  X-4.  This  exchanger,  like  X-l, 
is  of  the  reversing  type  so  that  the  solid  nitrogen  de- 
posited from  the  feed  gas  may  be  re-evaporated  at 
intervals  by  the  outgoing  low-pressure,  deuterium- 
free  hydrogen. 

Traces  of  nitrogen  in  the  gas  leaving  X-4  are 
removed  in  drum  D-4,  which  is  filled  with  silica  gel. 

Most  of  the  hydrogen  is  then  passed  through  the 
final  feed  exchanger  X-5,  where  it  is  cooled  to 
— 417°F.  A  portion  of  this  hydrogen  is  expanded 
through  the  turbine  E-2  to  25  psia  to  provide  re- 
frigeration at  the  — 417°F  level.  The  rest  of  the 
hydrogen  is  expanded  through  the  valve  V-l  to 
cool  tower  feed  to  the  hydrogen  dew-point  tempera- 
ture of  —  419°F  at  25  psia. 

In  the  primary  tower,  hydrogen  feed  is  fraction- 
ated into  an  overhead  product  containing  0.004%  HD 
and  a  bottoms  product  containing  7%  HD.  The  bot- 
toms product  is  sent  on  to  the  secondary  towei 
system  for  final  concentration  to  99.75%  deuterium 
The  secondary  tower  system  returns  a  stream  con- 
taining 6.2%  HD  to  the  bottom  of  the  primary  tower. 

Reboil  heat  for  the  primary  tower  is  obtained  by 
condensing  hydrogen  at  42  psia  and  —  418°  F  in 
integral  reboiler  coils  in  the  primary  tower.  Reflux 
for  the  primary  tower  is  obtained  by  flashing  the 
hydrogen  condensed  in  the  reboiler  coils  through 
valve  V-2  into  the  top  of  the  tower. 

The  overhead  vapor  from  the  top  of  the  primary 
tower,  containing  0.004%  HD,  is  split.  An  amount 
corresponding  to  the  incoming  feed  (4450  moles  per 
hour)  is  returned  through  the  feed  exchangers  X-5 
through  X-l.  The  rest  of  the  hydrogen  (12,046 
moles  per  hour)  is  warmed  to  room  temperature 
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through  exchangers  X-7  and  X-6,  compressed  to  42 
psia,  and  recycled  back  through  this  exchanger  system 
to  provide  reboil  heat  for  the  bottom  of  the  primary 
tower. 

Nitrogen  and  hydrogen  leaving  the  warm  end  of 
exchanger  X-l  at  substantially  atmospheric  pressure 
are  recompressed  to  245  psia  and  returned  to  the 
ammonia  plant. 

The  over-all  effect  of  the  process  then  is  that  syn- 
thesis gas  from  the  ammonia  plant  is  separated  into 
nitrogen  and  hydrogen,  the  hydrogen  is  liquefied, 
the  deuterium  is  extracted,  and  nitrogen  and  deuter- 
ium-free hydrogen  are  returned  to  the  ammonia  plant. 
In  the  HRT  design  it  was  estimated  that  98.5%  of  the 
synthesis  gas  could  be  returned  to  the  ammonia 
plant. 

2.23     Plant  Design 

All  of  the  equipment  operating  below  ambient 
temperature  is  housed  in  a  cold-box  containing  San- 
tocel  or  Pearlite  insulation  at  least  five  feet  thick. 
The  cold-box  is  filled  with  hydrogen  at  a  few  inches 
of  water  gauge  pressure. 

The  primary  tower,  the  largest  single  piece  of 
equipment  in  the  plant,  is  an  80-tray  bubble-cap 
tower,  13  feet  in  diameter  by  141  feet  high.  An  in- 
tegral reboiler  is  built  into  its  sump.  The  portion  of 
the  tower  projecting  through  the  roof  of  the  cold- 
box  is  insulated  by  an  18-inch  annular  vacuum  jacket 
filled  with  Santocel. 

The  secondary  towers  of  the  plant  are  packed  with 
stainless-steel  Stedman  packing.  Fookson  et  al.s  have 
shown  that  this  packing  is  very  effective  for  separ- 
ating H2,  HD  and  D2,  with  a  height  equivalent  to  a 
theoretical  plate  of  1.0  inches. 

The  principal  heat  exchangers  used  in  this  plant 
are  listed  in  Table  II. 

Three  types  of  heat  exchangers  used  in  this  plant 
are:  the  shell-and-tube  type,  the  flat-plate  type  and 
the  harp  type.  The  reboiler  is  of  the  shell-and-tube 
type  with  copper  tubes  in  a  stainless  tube  sheet.  The 
flat-plate  type  is  conventional  in  low-temperature 
plants  and  consists  of  alternate  layers  of  corrugated 
extended  surface  and  the  flat  sheets  which  separate 
adjacent  gas  passages.  It  is  the  most  economical  form 
of  extended  surface  for  low-temperature  plants,  but 
is  limited  to  pressure  of  the  order  of  100  psia.  For 


higher  pressures  the  harp  type  is  used.  This  consists 
of  concentric  vertical  tubes  brazed  to  radial  fins.  The 
tubes  are  connected  in  banks  by  horizontal  headers. 

The  operability  of  this  process  depends  on  the 
efficiency  of  the  expansion  turbines  which  provide 
low-temperature  refrigeration  for  the  plant.  These 
were  specified  to  be  of  the  three-stage,  radial-reaction 
type,  in  which  work  done  by  the  hydrogen  gas  is 
transferred  by  a  shaft  to  an  oil  pump  operating  out- 
side of  the  cold  part  of  the  plant.  An  over-all  ex- 
pander efficiency  of  74%  was  guaranteed  by  the 
prospective  manufacturers. 

All  low-temperature  piping  in  the  plant  was  to  be 
made  of  extra-low-carbon  stainless  steel.  Special 
brazed  connections  were  developed  for  leak-tight 
connections  to  aluminum  heat  exchangers. 

2.24  Utilities 

The  estimated  refrigeration  balance  for  this  plant 
is  given  in  Table  III. 

The  total  power  demand  of  this  plant  to  drive  the 
gas  compressors  was  estimated  to  be  18,100  kw. 
This  corresponds  to  1690  kwh/lb,  or  3.7  kwh/gm  of 
heavy  water,  somewhat  less  than  the  estimate  of 
Clusius  and  Starke. 

2.25  Problems 

The  most  serious  problems  encountered  during  the 
design  of  this  plant  were :  ( 1 )  the  removal  of  nitrogen 
from  feed  hydrogen;  (2)  suppression  of  the  con- 
version of  ortho  to  para  hydrogen;  and  (3)  lower 
relative  volatilities  for  H2-HD  mixtures  than  origin- 
ally anticipated. 

Removal  of  Nitrogen 

Nitrogen  has  a  triple-point  pressure  of  1.86  psia 
at  —  346°  F.  Gases  containing  nitrogen  can  be  cooled 
to  about  —  344°F  without  risk  of  plugging  heat 
exchangers  with  frozen  nitrogen.  In  hydrogen  satur- 
ated with  nitrogen  at  this  temperature,  Verschoyle's20 
measurements  indicate  that  the  lowest  attainable 
nitrogen  concentration  is  about  1.9  mole  %,  at  pres- 
sures between  300  and  500  psia.  This  is  the  nitrogen 
concentration  in  gas  entering  reversing  exchanger 
X-4.  More  than  one  ton  per  hour  of  solid  nitrogen 
must  be  condensed  in  this  exchanger.  The  exchanger 
must  be  designed  with  sufficient  free  volume  to  ac- 
commodate solid  nitrogen  without  plugging,  in  such 


Table  II.  Principal  Heat  Exchangers  of  Hydrogen  Distillation  Plant 


Duty, 

Number 

million 

Surface 

(Figure  2) 

Type 

BTU/hr 

ft9 

Materials 

X-l 

Reversing,  harp 

16.3 

332,000 

Al 

X-2 

Harp 

4.5 

52,000 

Al 

X-3 

Harp 

1.47 

115,000 

Al 

X-4 

Reversing,  harp 

1.06 

131,000 

Al  and 

stainless 

X-5 

Harp 

0.64 

;29,300 

Al 

X-6 

Flat  plate 

34.1 

1,412,000 

Al 

X-7 

Harp 

3.9 

344,500 

Al 

Reboiler 

Shell-and-tube 

4.5 

13,000 

Stainless 

and  copper 
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a  way  that  the  amount  of  high-pressure  hydrogen 
held  in  the  exchanger  with  the  nitrogen  is  a  minimum. 
Otherwise,  the  loss  of  feed  gas  vented  from  the 
exchanger  when  it  is  reversed  would  constitute  an 
undue  loss  of  feed  and  refrigeration  to  the  process. 
Exchanger  X-4  was  designed  with  widely-spaced 
fins  and  a  low  heat  transfer  coefficient  at  the  warm 
end,  and  with  closer  fins  and  a  better  coefficient  at 
the  cold  end,  so  that  it  would  fill  nearly  uniformly 
with  solid  nitrogen.  In  this  way  it  was  believed  that 
the  refrigeration  loss  on  reversal  could  be  held  to 
30,000  BTU,  and  the  loss  of  feed  could  be  held  to 
9%.  The  predicted  deuterium  recovery  of  86%  al- 
lows 5%  loss  in  the  overhead  from  the  primary  tower 
and  9%  loss  on  exchanger  reversal. 

Ortho-Para  Conversion 

Normal  hydrogen  fed  to  this  plant  contains  75  mole 
%  ortho  hydrogen,  or  3450  pound  moles  per  hour. 
Since  the  heat  released  in  the  isothermal  conversion 
of  ortho  to  para  hydrogen  is  610  BTU  per  pound 
mole,  complete  conversion  of  the  hydrogen  in  the 
feed  would  release  2.1  million  BTU  per  hour,  which 
exceeds  the  refrigeration  capacity  of  the  expanders. 
It  is  therefore  vital  to  minimize  the  rate  of 
conversion. 

H.  L.  Johnston  of  Ohio  State  University  measured 
the  catalytic  activity  of  metals  to  be  used  in  the 
plant  and  of  the  silica  gel  proposed  for  use  in  the 
absorbers.  The  niOvSt  serious  conversion  was  found 
on  silica  gel,  especially  when  carrying  adsorbed 
oxygen.  One  pound  of  silica  gel  in  normal  hydrogen 
at  245  psia  and  —  385 °F  will  convert  0.004  pound 
moles  of  ortho  hydrogen  per  hour.  One  pound  of 
oxygen  adsorbed  on  silica  gel  and  exposed  to  hy- 
drogen at  the  above  conditions  will  convert  1640 
pound  moles  of  ortho  hydrogen  per  hour.  It  is  there- 
fore important  to  use  the  smallest  possible  charge 
of  silica  gel  and  imperative  to  free  the  feed  gas  of 
oxygen  so  far  as  possible.  The  principal  sources  of 
conversion  of  ortho  to  para  hydrogen  expected  in 
the  proposed  plant  were: 

Heat   evolution, 
Source  Amount  BTU/hr 

Stainless  steel  48,000  ft2  4200 

Silica  gel  (-275,  -385°F)  10,050  Ib  19,550 

Op  on  silica  gel  (-275°F)                0.129  Ib  60,000 

Liquid  hydrogen                                5556  Ib  mole  17,500 

Other  1250 

Total  102,500 

Relative  Volatilities  in   Primary  Tower 

The  key  components  in  the  primary  tower  are 
ortho  hydrogen  and  HD.  The  ratio  of  their  vapor 
pressures  at  the  condition  of  this  tower,  25  psia  and 
— 419.4°F,  is  1.59.  Unfortunately,  the  relative  vola- 
tility of  these  components  is  predicted  to  be  only 
1.39  in  solutions  lean  in  HD.  The  reasons  for  the  dif- 
ference are :  ( 1 )  hydrogen  vapor  at  this  temperature 
and  pressure  deviates  from  a  perfect  gas  ;28  and  (2) 
the  activity  coefficient  of  HD  in  liquid  hydrogen  is 
1.075.  This  can  be  inferred12  from  measurements 


Table  III.  Refrigeration  Balance 


BTU/hr 


Demand 

Enthalpy  difference,  warm  end 

of  heat  exchangers  437,000 

Purge  loss  during  exchanger  reversal  30,000 

Cold  material  leakage  10,000 

Heat  leak  108,000 

Cooling  adsorbers                                  *  62,000 
Partial  conversion  of  ortho  to  para  hydrogen         102,000 

Total  749,000 

Supply 

Turbine  E-l  408,000 

Turbine  E-2  604,000 

Total  1,012,000 


of  the  dew  point  of  HD-H2  mixtures11  which  showed 
positive  deviations  from  Raoult's  Law. 

The  difference  between  relative  volatilities  of  1.59 
and  1.39  means  an  increase  of  almost  50%  in  the 
amount  of  reboil  hydrogen  required. 

2.26     Costs 

The  cost  estimated  for  this  plant  was  $9,300,000. 
To  this  must  be  added  the  cost  of  changes  to  the 
ammonia  plant  to  bring  the  D  content  of  hydrogen 
up  to  136  ppm,  which  was  estimated  to  be  $775,000, 
and  engineering  charges  and  contractors'  fees,  which 
might  have  added  $1,000,000.  The  total  cost  for  this 
plant  would  have  been  in  the  neighborhood  of  $11 
million,  if  built  in  1951.  If  allowance  is  made  for  the 
subsequent  increase  in  construction-cost  index,  the 
plant  would  cost  $13.4  million  if  built  today. 

The  annual  cost  of  operating  the  plant  was  esti- 
mated to  be  slightly  in  excess  of  $1  million.  This 
might  be  $1.3  million  today.  The  annual  output  of 
the  plant,  if  fed  with  synthesis  gas  available  at  Etter, 
Texas,  was  estimated  to  be  34.2  tons  of  heavy  water. 
If  the  plant  were  built  where  more  synthesis  gas  was 
available,  it  could  produce  up  to  40  tons  per  year  of 
heavy  water.  On  this  basis,  the  investment  cost  for 
a  plant  of  this  type,  if  built  today,  would  be  around 
$170  per  pound  of  D2O  per  year,  and  the  operating 
cost  would  be  $16  per  pound. 

2.3     Evaluation 

Since  these  costs  are  lower  than  for  the  other 
heavy-water  processes  for  which  cost  data  are  avail- 
able, it  is  of  interest  to  examine  the  present  position 
of  the  hydrogen-distillation  process.  A  plant  built 
today  would  probably  differ  from  the  one  described 
in  two  respects : 

1.  The  cold  box  would  be  insulated  by  Santocel  in 
vacuum  rather  than  in  a  hydrogen  atmosphere,  to 
make  possible   complete   purging  of   air  originally 
present  in  the  Santocel.  This  would  probably  mean 
smaller  cold  units,  with  lower  unit  capacity  and  higher 
unit  cost. 

2.  A    hydrogen-distillation    plant    could    advan- 
tageously be  made  part  of  one  of  the  new  ammonia 
plants  which  purify  synthesis  gas  by  washing  it  with 
liquid  nitrogen.   This   would  provide  feed  for  the 
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deuterium  plant  already  freed  of  water,  methane  and 
CC>2  and  precooled  to  —  310°F.  Substantial  cost 
saving  should  thus  be  possible,  which  might  offset  the 
higher  cost  of  a  vacuum-insulated  plant. 

Such  a  plant,  located  at  a  large  ammonia  plant, 
should  be  an  economical  producer  of  heavy  water  in 
the  ratio  of  0.46  pounds  of  heavy  water  per  ton  of 
ammonia. 


NAT  WML   WAT  fit 
9  MOLC$,    0  030  1*  HD 


IXCMAN6C 
*fACTO*        HCATf* 


tQU/Lt**A7£D    MIXTVKC 

STIAM,  J  MOLCS 

0  Otl  %fc  HO 

HYOHQtfM,  IMOlf 

0090  ^9  HO 


WASTC  WATE*. 

S  MOLCS 
0  01%  * 


Figure  3.  Distillation   of  hydrogen  re-enriched  by 
exchange  with  steam 

A  possible  modification  of  the  hydrogen-distillation 
process  which  would  free  the  process  from  depend- 
ence on  an  ammonia  plant  for  feed  is  described  in  the 
next  section. 

3.     DISTILLATION  OF  HYDROGEN-FED  DEUTERIUM 
BY  EXCHANGE  WITH  STEAM 

Figure  3  shows  one  means  of  freeing  a  hydrogen 
distillation  plant  from  dependence  on  an  ammonia 
plant  for  feed,  though  at  an  increase  in  cost  and  com- 
plexity. Hydrogen  which  has  been  stripped  of  deu- 
terium in  the  distillation  plant  is  mixed  with  an  ex- 
cess of  steam,  heated  to  an  elevated  temperature, 
and  passed  through  a  reactor  where  the  exchange 
equilibrium 

HDO  +  H2  ?±  HD  +  H2O 

is  established  by  means  of  a  catalyst.  This  increases 
the  HD  content  of  the  hydrogen.  The  gases  are  then 
cooled  to  room  temperature,  the  steam  is  condensed, 
the  water  separated,  and  the  hydrogen,  now  some- 
what re-enriched  in  deuterium,  is  recycled  through 
the  distillation  plant. 

Cerrai  et  a/.2  have  proposed  using  this  reaction  to 
transfer  deuterium  from  steam  to  hydrogen  as  part 
of  a  dual-temperature  exchange  process,  to  be  de- 
scribed in  Section  7.  Equilibrium  constants  measured 
by  these  workers  are:  100° C  K  =  0.40;  200° C 
A' =  0.50;  300°C  K  =  0.59;  400°C  K  =  0.66;  500°C 
K  =  0.72 ;  and  600°C  K  =  0.77.  They  concluded  that 
temperatures  above  600°  C  would  be  impractical  be- 
cause catalysis  by  materials  of  construction  then  be- 
comes rapid,  so  that  the  reaction  would  revert  to 
equilibrium  at  600°C  as  the  gases  were  cooled  down. 

The  mole  fraction  of  HD  in  the  feed  to  the  distil- 
lation plant  (#),  is  related  to  the  moles  of  steam  fed 
per  mole  of  hydrogen  recycled  (5*),  the  equilibrium 


constant  (K),  and  the  fraction  of  deuterium  recov- 
ered in  the  distillation  plant  (r)  by 


x—- 


0.0003  KS 
(S  +  Kr) 


(3.1)' 


The  deuterium  content  of  feed  increases  with  increas- 
ing ratio  of  steam  to  hydrogen  and  with  increasing 
K  (higher  temperatures). 

The  optimum  temperature  for  the  exchange  re- 
actor, the  optimum  ratio  of  fresh  water  to  recycle 
hydrogen,  and  the  optimum  heat  exchanger  temper- 
ature difference  are  all  points  for  engineering  study 
which  have  not  been  settled.  In  the  particular  exam- 
ple shown  in  Fig.  3,  a  water/hydrogen  molal  ratio 
(S)  of  5  and  a  catalyst  temperature  of  600°C,  with 
K  =  0.77,  have  been  chosen.  It  is  also  assumed  that 
90%  of  the  deuterium  in  the  recycle  hydrogen  is  re- 
covered in  the  distillation  plant. 

Under  these  conditions,  the  mole  %  of  IID  in  feed 
to  the  distillation  plant  (lOO^r)  is  0.02.  This  may  be 
compared  with  0.0272%  when  ammonia  synthesis 
gas  is  used  for  feed. 

This  example  shows  that  the  distillation  plant  for 
a  given  deuterium  output  must  be  larger  when  re- 
cycle hydrogen  is  enriched  by  exchange  with  steam 
than  when  ammonia  synthesis  gas  is  used  as  feed. 
With  recycle  hydrogen,  however,  the  distillation 
plant  would  be  simple,  because  it  would  not  be  neces- 
sary to  separate  large  amounts  of  nitrogen  and  other 
impurities  from  the  hydrogen  feed.  A  simpler  ex- 
changer system  than  shown  in  Fig.  2  would  suffice, 
and  reversing  exchangers  could  be  smaller,  so  that 
recoveries  over  86%  would  be  possible. 

This  combined  exchange  and  hydrogen-distillation 
process  is  thought  to  have  sufficient  merit  to  warrant 
further  attention. 

4.     DISTILLATION   OF  WATER 
4.1     Separation   Factor 

Water  contains  the  three  molecular  species  H2O, 
HDO  and  D2O.  In  concentrating  heavy  water  by 
distillation,  the  deuterium  separation  factor  is  defined 
as  the  ratio  of  the  atomic  ratios  of  deuterium  to  hy- 


*  Equation  3.1  is  derived  as  follows :  The  equilibrium  con- 
stant is 

(HDHHaO)       ^^ 
(Ha)  (HDO) 

where  quantities  in  parentheses  denote  number  of  moles 
leaving  exchange  reactor.  Also 

(HaO)/(Ha)  =  S  (3.3) 

because  at  the  very  low  concentrations  of  deuterium  this 
ratio  is  not  significantly  different  from  the  ratio  of  steam 
to  recycle  hydrogen  of  both  isotopic  species.  By  definition 

(HD)/(Ha)  =  x  (3.4) 

Since  the  (HD)  -f  (HDO)  remains  constant  in  the  ex- 
change reaction 

(HD)  +  (HDO)  =  (1  -r)  X  (H8)  +0.0003  (H,O)  (3.5) 
Equation  (3.1)  for  x  is  obtained  by  eliminating  (HD), 
(HDO),  (Ha)  and  (H,O)  from  (3.2),  (3.3),  (3.4)  and 
(3.5). 
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clrogen  in  the  liquid  to  the  corresponding  ratio  in  the 
vapor.  In  terms  of  the  mole  fractions  of  individual 
compounds  in  the  liquid  (JT)  and  vapor  (y),  the 
separation  factor  (a*)  is 


-V*      = 


HDO 


HDO 


+ 


(4.1) 


H0 


Urey  24  has  shown  that  a*  may  be  expressed  in  terms 
of  the  vapor  pressures  (TT)  of  H2O  and  D2O  by 


HO 


(4.2) 


provided  : 

1.  Liquid  and  vapor  phases  form  ideal  solutions. 

2.  The  vapor  pressure  of  HDO  is  the  geometric 
mean  of  the  vapor  pressures  of  H2O  and  D2O. 

3.  The  equilibrium  constant  for  the  reaction 


in  the  vapor  phase  has  the  value  4.0. 

4.    This  equilibrium  is  maintained  in  the  liquid. 

These  assumptions  are  plausible,  but  are  not  subject 
to  detailed  experimental  check  because  liquid  HDO 
cannot  be  isolated,  since  it  disproportionates  into 
H2O  and  D2O.  Combs,  Googin  and  Smith7  have 
measured  the  distribution  of  D  and  H  between 
liquid  and  vapor  phases  and  have  shown  that  the 
observed  separation  factor  is  within  a  few  parts  per 
thousand  of  that  predicted  by  (4.2).  Their  results 
are  summarized  in  Table  IV,  together  with  a  more 
extensive  tabulation  of  vapor  pressure  ratios  given 
by  Kirshcnbaum.14  The  latter  results  will  be  used  in 
this  work  because  of  the  greater  temperature  range 
covered. 

Because  a*  increases  as  pressure  is  reduced,  there 
is  a  strong  incentive  to  operate  a  water  distillation 


Table  IV.  Deuterium  Separation  Factors  in 
Distillation  of  Water 


Vapor  pressure  ratio, 


Vapor  pressure 


Temp.  °C 

ofH90 
mm  Hg 

a 

a 

Sep. 
factor'* 

Kirshenbaum** 

Combs  et  a/,7 

0 

4.58 

1.120 

10 

9.21 

1.08. 

1.094 

UOOg 

20 

17.54 

1.074 

1.082 

1.0873 

30 

31.8 

1.06e 

1.071 

1.074. 

40 

55.3 

1.059 

1.063 

1.0629 

50 

92.5 

1.052 

1.055 

1.0S1 

60 

149.4 

1.046 

70 

233.7 

1.040 

80 

355 

1.035 

90 

526 

1.030 

100 

760 

1.026 

120 

1489 

1.019 

140 

2711 

1.0135 

160 

4636 

1.009 

180 

7521 

1.005 

200 

11,661 

1.0026 

220 

17,400 

1.0005 

240 

25,100 

0.9970 

plant  at  sub-atmospheric  pressures.  This  is  offset  in 
part,  however,  by  the  larger  towers  required  to 
handle  a  given  mass  flow  rate  of  vapor  at  lower  pres- 
sure. In  practice,  an  economic  balance  must  be  made  ; 
in  the  Manhattan  District  water  distillation  plants, 
tower  top  pressures  between  50  and  125  mm  were 
used,  corresponding  to  separation  factors  between 

1.06  and  1.05. 

« 

4.2     Process  Requirements 

A  rough  idea  of  the  requirements  of  the  water- 
distillation  process  may  be  derived  from  a  representa- 
tive separation  factor  of  1.05.  The  minimum  number 
of  theoretical  plates  (nmfn)  needed  to  enrich  deu- 
terium from  the  natural  concentration  of  #>=0.000149 
atom  fraction  to  product  concentration  of  XP  =  0.998 


s 


_ 

Wmfn 


In  «* 


(4.3) 


The  optimum  number  will  be  somewhat  more  than 
twice  this,  or  around  700  plates. 

The  minimum  consumption  of  steam  per  mole  of 
heavy  water  produced  is  secured  when  an  infinite 
number  of  plates  is  used,  so  that  the  outgoing  steam 
depleted  in  deuterium  may  be  in  equilibrium  with 
incoming  feed.  Figure  4  illustrates  the  derivation  of 
this  minimum  steam  consumption.  The  deuterium 
material  balance  is 


(4.4) 


or 


S=(xP-x)/(y-x)  (4.5) 
When  feed  and  depleted  steam  are  in  equilibrium 

y  =  xl#  (4.6) 
so  that 

S  =(*>/*)  -!)«*/(«*-!)  (4.7) 

The  minimum  steam  consumption  per  mole  of 
heavy  water  is 


S        /    1  1     \      a* 

Xp         \   X          XP    I  a*  —  ! 


(4.8) 

XP         \  X          XP   I  a*  —  1          X  (a*  —  1) 

The  maximum  recovery  of  deuterium  in  the  feed 


a*  -  1 


*  - 


(S  +  1)  x 


x 


(4.9) 


With  a*  =  1.05,  x  =  0.000149,  and  xP=l,  we  have 
for  distillation  of  water :  minimum  moles  steam  per 
mole  D2O  =  141,000;  and  maximum  deuterium  re- 
covery ±=  0.0475. 

For  a  practical  plant  with  the  optimum  number  of 
stages,  around  200,000  moles  of  steam  must  be  pro- 
vided per  mole  of  heavy  water  produced. 

From  these  rough  figures,  it  is  apparent  that  a 
water-distillation  plant  will  need  a  large  number  of 
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Figure  4.  Minimum  steam  consumption  in  distillation 

towers  and  will  consume  a  large  amount  of  steam  in 
comparison  with  its  output. 

4.3     History  of  Process 

Despite  these  severe  requirements,  the  water-dis- 
tillation process  is  of  interest  because  of  the  simple 
equipment  used.  It  has  received  attention  in  Germany, 
where  pilot-plant  work  was  done  by  I.  G.  Farben 
during  the  last  war,0  in  New  Zealand,  where  a 
water-distillation  plant  is  now  being  built  as  part 
of  an  electric  power  plant  using  low-cost  geothermal 
steam  as  a  heat  source,  and  in  the  United  States, 
where  most  of  the  heavy  water  used  by  the  Manhat- 
tan District  was  produced  in  this  way. 

4.4     Manhattan  District  Plants 

The  water-distillation  plants  of  the  Manhattan 
District  were  built  to  provide  a  simple  and  certain 
way  of  producing  heavy  water,  though  not  necessarily 
at  minimum  cost.  Because  speed  was  more  important 
than  economy,  it  was  not  possible  to  explore  fully 
developments  which  might  have  permitted  more 
economical  production.  These  plants  are  described 
briefly  in  this  section,  and  modifications  in  future 
water-distillation  plants  which  might  be  made  to 


reduce  costs  are  taken  up  in  Section  4.5.  More  de- 
tailed information  regarding  the  Manhattan  District 
plants  has  been  given  by  Maloney  and  Ray,10  and  by 
Selak  and  Finke.19 

4.41      Plants 

Three  water-distillation  plants  were  designed  and 
built  for  the  Manhattan  District  by  the  E.  I.  duPont 
de  Nemours  &  Co.,  Inc.  These  plants  were  located 
at  Morgantown  Ordnance  Works,  Morgantown, 
W.  Va. ;  Alabama  Ordnance  Works,  Childersburg, 
Ala. ;  and  Wabash  River  Ordnance  Works,  Newport, 
Ind.  Parts  of  the  plants  were  started  up  in  June  1943, 
and  concentrations  reached  steady-state  values  in 
June  1944.  About  90  days  were  needed  to  reach 
steady  state.  The  plants  were  shut  down  in  October 
1945  because  of  reduced  demand  and  because  of  the 
high  cost  of  their  heavy  water  compared  with  the 
plant  at  Trail,  B.C.,  to  be  described  in  Section  6. 

These  distillation  plants  concentrated  deuterium 
from  0.0143  atom  %  to  87-91  atom  %.  Further  con- 
centration to  99.8%  was  effected  by  electrolysis.  The 
average  recovery  of  D2O  from  tbe  steam  fed  was  only 
1.94%.  360,000  moles  of  steam  were  fed  per  mole 
of  D2O  produced. 

The  combined  production  capacity  of  the  three 
plants  was  1.20  tons  per  month.  The  total  production 
of  99.8%  D2O  was  22.8  tons. 

The  total  cost  of  the  plants  was  $14.5  million.  The 
unit  investment  cost  was  therefore  $14,500,000/1.20 
X  12  X  2000  =  $504/11  i/yr. 

The  operating  costs  were 

Pet  month 

$ 

Steam  295,000 

Other  127,000 

Total  $422,000 

The  purity,  recovery,  and  production  rate  of  heavy 
water  achieved  in  these  plants  was  less  than  design 
expectations ;  the  design  production  rate  for  the 
three  plants  was  2.4  tons  per  month,  and  the  design 
recovery  was  4%.  Tests  made  to  determine  the  cause 
of  the  inferior  performance  showed  that  the  plate 
efficiency  of  the  distillation  towers  as  originally  in- 
stalled was  only  50%  ;  the  low  efficiency  was  attrib- 
uted to  excessive  leakage  of  water  between  the  plates 
and  tower  wall  and  to  an  excessive  hydraulic  gradient 


Per  pound  DtO 

$ 

123 

S3 

$176 


Table  V.     Towers  of  Morgantown  Water  Distillation  Plant 


Number  in 
Tower        parallel            Diam. 

No.  of 
plates 

Lb  vapor 
per  hour 

Pressure,  mm  Hg 
Top  '"      Bottom 

Atom  %  D, 
bottom 

1A 

5 

15    ft. 

80 

(177,000) 

67 

238 

IB 

5 

12    ft. 

90 

177,000 

236 

536 

0.117 

2A 

1 

10.5  ft. 

72 

(21,200) 

129 

340 

2B 

1 

8    ft. 

83 

21,200 

340 

645 

1.40 

3 

1 

3.3  ft. 

72 

3050 

124 

343 

3.8 

4 

1 

1.5  ft. 

72* 

725 

127 

440 

10.0 

5 

1 

10    in. 

72* 

190 

127 

340 

11.5 

6 

1 

10    in. 

72* 

185 

124 

328 

21.2 

7 

1 

10    in. 

72* 

200 

124 

333 

56.4 

8 

1 

10    in. 

72* 

200 

127 

308 

89 

Total 

18 

757 

202,750 

'  Number  of  theoretical  plates  in  packed  column. 
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which  caused  part  of  each  plate  to  have  insufficient 
depth  of  liquid.  When  changes  to  correct  these  defi- 
ciencies were  made  in  some  of  the  towers,  efficiencies 
were  improved  to  75%.  If  these  changes  had  been 
made  in  all  of  the  large  towers,  it  was  predicted  that 
the  deuterium  recovery  and  plant  capacity  could  have 
been  doubled,  at  an  estimated  cost  for  revisions  of 
$2,200,000.  The  plants  were  shut  down  before  the 
revisions  could  be  made. 

4.42     Process 

A  simplified  flowsheet  of  the  process  used  at  the 
Morgantown  plant,  the  smallest  and  most  efficient 
of  the  three,  is  shown  in  Fig.  5.  This  plant  produced 
560  pounds  of  D2O  per  month,  with  a  deuterium  re- 
covery of  2.8%.  The  plant  consists  of  an  eight-stage 
cascade  of  distillation  towers,  with  associated  re- 
boilers,  condensers  and  pumps.  Summary  data  on 
the  towers  of  each  stage  is  given  in  Table  V. 

The  first  stage  consists  of  5  parallel  groups  of  two 
series-connected  towers,  of  which  one  group,  1A  and 
IB,  are  shown  in  the  figure.  Feed  for  each  1A  tower 
consists  of  condensate  from  the  reboiler  of  the  associ- 
ated IB  tower.  Feed  is  introduced  at  the  top  of  the 
1A  tower.  Stripped  vapor  from  the  top  plate  is 
condensed  in  a  barometric  condenser,  vented  to  a 
steam  ejector  which  maintains  a  pressure  of  from 
50  to  90  mm  at  the  top  of  the  tower. 

Slightly  enriched  water  from  the  bottom  of  tower 
1A  is  pumped  to  the  top  of  tower  IB,  and  vapor  from 
the  top  of  IB  flows  back  to  the  bottom  of  1A. 

Most  of  the  water  at  the  bottom  of  IB,  now  en- 
riched to  0.117  atom  %  D,  is  converted  to  vapor  in 
the  reboiler  and  returned  to  IB,  but  around  12%  is 
pumped  ahead  to  the  top  of  2A.  Vapor  from  the  top 
of  2A  is  condensed  in  a  condenser  refrigerated  with 
ammonia,  to  prevent  loss  of  the  now  valuable  water. 
This  condenser  is  also  vented  to  a  steam  ejector, 
which  maintains  a  pressure  of  130  mm. 


The  second  stage  consists  of  two  towers,  2A  and 
2B,  connected  in  series,  like  each  1A  and  IB  pair. 
The  third  and  higher  stages  consist  of  single  towers, 
of  progressively  decreasing  diameter.  Arrangements 
for  reboiling  water  at  the  bottom  of  each  tower  and 
condensing  and  returning  vapor  at  the  top  of  the 
next  stage  are  the  same  as  at  the  bottom  of  2B  and 
the  top  of  3. 

As  the  water  flows  through  the  stages  of  the  plant, 
it  is  enriched  progressively  in  deuterium,  until  it 
reaches  89  atom  %  in  the  bottom  product  of  the 
eighth  and  last  stage. 

Most  of  the  steam  for  the  plants  at  Morgantown 
and  elsewhere  was  generated  at  150  psig  and  throttled 
to  40  psig,  the  pressure  at  which  it  was  used  in  the 
reboilers,  even  though  steam  at  6  to  7  psig  would  have 
sufficed  to  reboil  the  tower  bottoms,  which  were  at 
subatmospheric  pressure.  Since  low-pressure,  by- 
product steam  was  not  available  in  the  required 
amounts,  it  was  necessary  to  generate  steam  solely 
for  the  water-distillation  plant.  This  could  be  done 
more  economically  at  150  psig  than  at  lower  pres- 
sures. 

4.43     Towers 

Towers  of  these  plants  over  18  in.  in  diameter  were 
of  the  plate  type,  with  plates  on  one-foot  spaces.  All 
of  the  large  towers  used  bubble  caps,  except  1A, 
which  had  tunnel  caps.  Towers  18  in.  in  diameter 
and  smaller  were  packed  with  ^  X  ^  in.  ceramic 
rings. 

4.5     Possible    Improvements    in    Water-Distillation 
Process 

Two  major  improvements  which  could  be  made  in 
any  future  water-distillation  plant  are : 

(1)  The  use  of  tower  internals  with  greater  capac- 
ity per  unit  volume  than  tunnel-  or  bubble-cap 
plates,  to  increase  plant  capacity  for  the  same  capital 
investment. 


CONDENSER    i \ 


STRIPPED 

WATER 
0.0139%   D 
177, 000  LB/HR 


1 

TOWER 
1    A 

..i 

3* 

X^T 

-^^ 

I 

f 

,   L- 

>UMP 

© 

FEED  STEAM 

150  PSIQ 
0.0143  AT  %   D 
202. 750  LB/HR 


REBOILER 


0.0143%   D 
25,750    LB/HR 

Figure  5.  Morgantown  water  distillation   plant 


PRODUCT 

WATER 

89  AT  %  D 

0.  85  LB/HR 
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(2)  More  efficient  utilization  of  heat  than  gener- 
ating 150-psig  steam  solely  for  the  distillation  plant. 

4.51  Packed  Towers 

Since  these  plants  were  built,  several  improved 
types  of  tower  internals  have  been  developed.  A 
metal  lath  packing  developed  by  Scofield18  costs  no 
more  per  cubic  foot  than  bubble  caps,  and  provides 
several  times  the  capacity  of  bubble  caps  per  unit 
volume.  A  similar  packing  known  as  "Spraypak," 
with  specially  shaped  orifices,  has  been  developed  by 
the  British  Atomic  Energy  Research  Establish- 
ment,3*9'17  especially  for  the  water-distillation  process. 
Spraypak  is  to  be  used  in  the  New  Zealand  distillation 
plant. 

Table  VI  compares  the  predicted  performance  of 
Spraypak  with  the  observed  performance  of  one  of 
the  revised  bubble-plate  towers  of  the  2B  group  at 
Morgantown,  for  conditions  at  the  top  of  this  tower. 
Although  the  height  of  an  equivalent  plate  (h)  for 
Spraypak  is  somewhat  higher  than  for  the  bubble- 
plate  tower,  the  allowable  velocity  (u)  for  Spraypak 
is  much  higher. 

The  ratio  u/h  measures  the  steam  flow  rate  through 
unit  volume  of  a  tower  one-theoretical-plate  high. 
This  ratio  for  Spraypak  is  3.6  times  as  great  as  for 
the  Morgantown  improved-bubble-plate  towers.  Thus 
a  distillation  plant  with  towers  of  the  same  volume  as 
the  Manhattan  District  plants,  packed  with  Spray- 
pak, should  produce  3.6  times  as  much  heavy  water 
as  the  Manhattan  District  plants  using  improved 
bubble  plates,  or  7.2  times  as  much  as  the  original 
plants,  assuming  that  the  improved  bubble  plates 
would  double  the  deuterium  recovery.  Since  the  cost 
of  these  plants  is  largely  in  the  towers,  and  the  cost 
per  unit  volume  of  Spraypak  ($20  per  ft3)  is  about 
the  same  as  bubble-plates,  these  two  distillation  plants 
should  cost  about  the  same. 

The  pressure  drop  per  theoretical  plate  for  Spray- 
pak is  slightly  less  than  for  the  bubble  plates. 

4.52  More  Efficient  Utilization  of  Heat 

In  the  first-stage  towers  of  the  Manhattan  District 
plants,  where  most  of  the  heat  was  consumed,  heat 
flowed  from  the  tower  bottom  temperature  of  19S°F 
(10.5  psia)  to  the  tower  top  temperature  of  111°F 
(1.3  psia).  To  transfer  this  heat  through  the  reboil- 
ers,  steam  at  233° F  (22  psia)  was  required.  Since 
this  heat  is  needed  only  at  relatively  low  temperatures, 
it  is  very  inefficient  to  obtain  it  by  burning  fuel  under 
boilers,  without  making  use  of  the  heat  at  higher 
temperatures  first.  Two  possible  ways  of  providing 
low-temperature  heat  more  efficiently  are :  ( 1 )  using 
22-psia  exhaust  steam  from  the  turbines  of  a  power 
plant;  and  (2)  using  a  vapor-recompression  system. 

Examples  of  these  two  schemes  are  shown  in  Figs. 
6  and  7.  The  turbine-exhaust  scheme  of  Fig.  6  has 
two  advantages  over  the  vapor-recompression  scheme 
of  Fig.  7:  (1)  the  cost  of  the  condenser  and  steam 
jet  ejector  is  less  than  that  of  the  vapor  compressor 
and  feed-water  preheater;  and  (2)  the  power  lost 
in  the  steam  turbine  plant  is  less  than  the  power 


Table  VI.  Comparison  of  Bubble-Plate  Towers  with 

Towers  Packed  with  Spraypak  at  277.5-mm  Hg, 

165°F,  and  0.0145  Ib/ft3  Vapor  Density 


Bubble  cap 

plates 
(12  ft  dia) 


No.  5 
Sraypak 


Steam  rate,  Ib/hr 

Steam  velocity,  ft/sec  (w) 

Plate  spacing,  ft 

Plate  efficiency 

Height  equiv.  theor.  plate  (h) 

Cubic  feet  of  steam  per  second 

through  unit  volume  of  tower 

one  theor.  plate  high  (u/h),  sec"1 
Pressure  drop  per  ft,  mm 

Hg  (/Yefc) 
Pressure  drop  per  theor. 

plate  (lidP/ds) 


35,000  — 

67  31.35 

1.0  — 

0.71  — 

1.4  (==  1.0/071)  1.8 


4.8 
3.5 


4.9 


17.4 


47 


consumed  by  the  vapor  compressor.  Although  the 
theoretical  work,  W,  lost  by  the  turbine  exhausting 
at  22  psia  instead  of  at  1.3  psia  is  exactly  the  same 
as  the  work  consumed  by  a  compressor  taking  the 
same  amount  of  steam  from  1.3  to  22  psia,  the  actual 
turbine  efficiency  of  E  drops  the  turbine  work  lost  to 
\VE,  and  the  compressor  efficiency  of  F/  raises  the 
work  consumed  by  the  compressor  to  W/E'. 

The  turbine-exhaust  scheme  has  the  disadvantage 
of  making  the  production  rate  of  heavy  water  de- 
pendent on  the  production  rate  of  power  from  the 
steam  turbines.  The  following  example  will  illustrate 
the  approximate  relation  between  the  two  production 
rates.  The  assumptions  are : 

1.  Deuterium    recovery    (r)=3.88%,    the    value 
predicted   for  the   Manhattan  District    plants   with 
revised  tower  internals. 

2.  D  content  of  feed  water  (.r)  =  0.000143  atom  %. 

3.  Steam  turbine  plant  thermal  efficiency  (e)  with 
exhaust  at  1.3  psia  (S71°R)  is  35%. 

4.  (1  —  c)  is  proportional  to  absolute  exhaust  tem- 
perature, so  that  at  22  psia  (693°R) 

1  _  c  =  ( i  _  0.35)693/571  =  0.789    (4.10) 

5.  Latent  heat  of  vaporization  at  10.5  psia  =981 
BTU/lb. 

6.  The  ratio  of  total  stesun  consumed  to  stripped 


Figure  6.  Water  distillation 

tower  rebelled  by  steam 

turbine  exhaust 


Figure  7.  Water  distillation 

tower  reboiled  by  vapor 

recompression 
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steam  from  stage  1  is  the  same  as  at  Morgantown, 
202,750/177,000  =  1.145. 

The  number  of  pounds  of  steam  required  to  pro- 
duce one  pound  of  heavy  water  is 

18 


18  1.145  (l-xr) 

X L 

20  xr 


X 


1.145 


20 

—  =178,000     (4.11) 
0.000149X0.0388  v 

The  amount  of  work  in  kwh  which  could  be  done 
by  this  amount  of  heat  in  the  assumed  power  plant 
exhausting  at  22  psia  is  [178,000  X  981  X  (1  — 
0.789) ]/3413  BTU/kwh  =  10,800  kwh. 

Thus,  production  of  one  pound  of  heavy  water  by 
distillation  requires  the  associated  production  of 
around  10,000  kwh  of  power  in  this  arrangement. 
If  heavy  water  sells  for  $50  per  pound  and  power 
for  5  mils  per  kwh,  the  value  of  both  products  will 
be  the  same. 

4.53     Costs 

A  rough  indication  of  what  heavy  water  should  cost 
in  a  water-distillation  plant  using  these  two  improve- 
ments may  be  made  with  the  aid  of  the  following 
assumptions. 

1.  Tower  volume  is  same  as  combined  Manhattan 
District  plants. 

2.  Heavy-water  production  rate  is  7.2  times  that 
of  MD  plants,  as  derived  in  Section  4.51. 

3.  Total  plant  cost  is  same  as  combined  MD  plants 
adjusted  for  change  in  construct  ion-cost  index  (141.37 
in  September,  1943  to  314.17  in  May,  1955). 

4.  Monthly    operating    costs,    except    steam,    are 
same  as  in  MD  plants. 

5.  High-pressure    steam    for    power   plant    costs 
$0.40  per  thousand  pounds. 

The  unit  investment  cost  under  these  assumptions 
would  be 


504 


X 


314.17 
141.37 


•  =  $155/lb/yr 


The  charge  to  the  heavy-water  plant  for  22-psia 
steam  may  be  found  as  follows : 

If  the  power  plant  exhausting  steam  at  22  psia 
uses  1000  pounds  of  steam,  it  would  have  used 
21.9/35  X  1000  =  625  pounds  of  steam  when  ex- 
hausting at  1.3  psia.  The  cost  of  the  additional  375 
pounds  of  steam  is  375  X  $0.40  =  $0.15.  This  is  the 
charge  to  the  heavy-water  plant  for  1000  pounds  of 
22-psia  steam. 

The  unit  operating  cost  is  then  derived  as  follows : 
steam:  178,000  Ib  at  $0.15  per  1000  Ib  =  $26.7/lb 
D2O;  other  costs:  $53/lb  (MD)  -f-  7.2  =  7.4,  and 
total :  $34. 

5.     ELECTROLYSIS  OF  WATER 
5.1      History  of  Process 

When  water  is  decomposed  electrolytically  into 
hydrogen  and  oxygen,  the  deuterium  content  of  the 
hydrogen  produced  at  the  cathode  is  substantially 


DRY 


CONDENSE* 


DRY 


DRY  Hf 
DEPLETED 
WET  Hi    ^^\  IN  O 


DRY  HI 


DRY 


DRY  HI 


PRODUCT  WATER 
ENRICHED  IN  O 

Figure  8.  Steady-flow  cascade  of  electrolytic  cells, 
without   recycle 

lower  than  that  of  the  water  remaining  in  the  cell. 
As  electrolysis  continues,  the  water  becomes  pro- 
gressively enriched  in  deuterium,  in  very  much  the 
same  way  as  evaporation  of  a  mixture  of  benzene 
and  toluene  leaves  a  residue  enriched  in  the  less 
volatile  toluene.  The  gas  produced  in  the  latter 
stages  of  electrolysis  is  richer  in  deuterium  than  the 
water  initially  fed ;  if  desired,  this  gas  may  be  burned 
and  the  water  condensed  and  returned  to  the  cell. 

Until  1943,  all  of  the  heavy  water  produced  com- 
mercially was  made  by  electrolysis.  The  largest  single 
producer  of  heavy  water  was  the  Norsk  Hydro  Co., 
which  operated  the  world's  largest  electrolytic  hy- 
drogen plant  at  Rjukan,  Norway.  In  1942,  this  plant 
was  making  about  1.7  short  tons  of  heavy  water  per 
year  as  a  byproduct  of  the  production  of  640,000 
std  ft3  of  electrolytic  hydrogen  per  hour,  used  for 
ammonia  synthesis.  The  average  power  consump- 
tion of  this  plant  was  91,000  kw,  or  54  kwh  per  pound 
mole  of  hydrogen. 

The  primary  plant  at  Rjukan  made  water  contain- 
ing 15  atom  %  D.  The  electrolytic  cells  were  of  the 
Pechkranz  type,  with  steel  cathodes  and  diaphragms 
to  prevent  mixing  of  hydrogen  and  oxygen.  Nine 
stages  of  parallel-connected  cells  were  used,  with 
the  number  of  cells  per  stage  decreasing  as  the  deu- 
terium content  increased.  The  stages  were  connected 
in  a  series  cascade,  without  recycle  of  partially 
enriched  hydrogen,  and  the  cascade,  was  operated  in 
steady  flow.  A  schematic  flowsheet  for  this  kind  of 
plant  is  shown  in  Fig.  8.  About  73%  of  the  water  fed 
to  each  stage  was  electrolyzed ;  and  27%  was  carried 
from  the  stage  by  the  products  of  electrolysis  as 
water  vapor,  condensed,  and  fed  to  the  next  higher 
stage  of  the  cascade.  The  fraction  of  water  fed  for- 
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ward  is  controlled  by  the  vapor  pressure  of  water; 
27%  forward  feed  requires  an  electrolyte  tempera- 
ture of  60°C. 

The  product  of  the  primary  plant  was  refined  to 
pure  D2O  in  a  small,  nine-stage  secondary  plant,  also 
operated  with  steady  flow,  but  with  the  partially  en- 
riched hydrogen  burned  and  recycled,  as  shown  in 
Fig.  9. 

The  electrolytic  process  was  also  used  by  the  Man- 
hattan District,  at  Morgantown,  W.  Va.,  and  at 
Trail,  B.  C,  but  only  to  refine  crude  heavy  water 
from  a  primary  plant  where  some  process  other  than 
electrolysis  was  employed.  These  electrolytic  plants 
were  operated  batchwise.  The  cells  had  no  dia- 
phragms, so  that  the  product  was  a  mixture  of  hy- 
drogen and  oxygen.  The  gases  were  recombincd  in 
a  burner  and  the  water  was  recycled  to  the  primary 
plant  when  its  deuterium  content  was  leaner  than 
primary-plant  product  and  to  the  next  batch  of  the 
electrolytic  plant  when  its  deuterium  content  was 
richer  than  primary-plant  product. 

At  Morgantown,  1.2  tons  of  99.7%  DoO  per  month 
was  produced  from  the  product  of  the  water-distilla- 
tion plant  which  contained  87-91  atom  %  D.  After 
purification,  this  water  was  mixed  with  KoCOs 
electrolyte  to  form  a  7.5  wt  %  solution,  which  was 
kept  at  40° C  during  electrolysis.  Electrolysis  of 
about  55%  of  the  water  raised  its  D  content  to  99.7%. 
The  water  was  then  evaporated  from  the  KgCOa. 
The  hydrogen  and  oxygen  gases  were  recombined, 
and  the  resulting  water  was  divided  into  lots  accord- 
ing to  isotopic  content.  These  lots  were  added  to  the 
next  batch  electrolyzed  when  the  electrolyte  and 
water  had  the  same  deuterium  content. 

The  secondary  plant  at  Trail  is  still  in  operation. 
In  1945,  0.5  ton  of  99.8%  D2O  per  month  was  pro- 
duced from  the  product  of  the  primary  exchange 
plant,  which  contained  2.14  atom  %  D.  Because  of 
the  wide  composition  range,  three  batch  stages  were 
used,  with  126,  20  and  4  electrolytic  cells  per  stage. 
The  electrolyte  charge  at  the  beginning  of  a  batch 
was  2.5  wt  %  KOH.  The  electrolyte  is  kept  at  23°C 
during  electrolysis.  In  the  first  two  stages  85%  of 
the  water  per  batch  is  electrolyzed ;  in  the  third  stage, 
67%.  At  the  end  of  a  batch  the  KOH  is  converted 
to  KoCOs  by  bubbling  in  CO2,  and  the  water  is 
evaporated  from  it.  Otherwise,  operation  is  generally 
similar  to  the  Morgantown  plant. 

Details  of  the  Manhattan  District's  secondary  elec- 
trolytic plants  are  given  by  Maloney  and  Ray.ic 

The  primary-exchange  plant  at  Trail,  to  be  de- 
scribed in  Section  6,  uses  hydrogen  produced  elec- 
trolytically  by  the  Consolidated  Mining  and  Smelting 
Co.,  for  ammonia  synthesis.  This  is  the  largest  elec- 
trolytic-hydrogen plant  in  North  America.  In  1945, 
the  average  hydrogen  production  rate  was  520,000 
std  ft3  per  hour,  almost  as  great  as  at  Rjukan.  Cells 
were  of  the  diaphragm  type,  with  steel  cathodes.  The 
electrolyte  was  28  wt  %  KOH  or  20  wt  %  NaOH. 
Electrolyte  temperatures  of  60-70° C  were  used.  The 
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Figure  9.  Steady-flow   recycle   cascade   of  electrolytic  cells 

cells  were  operated  with  steady  flow.  Since  the  prin- 
cipal means  for  isotope  separation  in  the  primary 
plant  at  Trail  is  by  the  exchange  process  rather  than 
by  electrolysis,  no  special  efforts  were  made  to  obtain 
a  high  separation  factor  in  the  primary  plant. 

5.2     Separation  Factor 

Deuterium  separation  factors  in  the  four  elec- 
trolytic plants  described  above  are  listed  in  Table 
VII,  together  with  operating  conditions  which  may 
have  an  effect  on  separation  factors.  Separation 
factors  of  6  to  8  realized  in  the  two  secondary  plants 
are  in  the  range  of  the  best  values  reported  in  labor- 
atory studies.22  The  lower  values  in  the  two  primary 
plants  may  be  due  in  part  to  the  higher  temperature, 
lower  voltage,  and  presence  of  the  diaphragm,  all  of 
which  are  known  to  reduce  the  separation  factor  in 
electrolysis.  These  are  unavoidable  conditions  in  a 
low-cost  plant  for  the  electrolysis  of  water  At  Trail, 
however,  it  is  known  that  inability  to  keep  the  elec- 
trode surfaces  clean  had  an  important  additional 
effect  in  depressing  the  separation  factor,  and  it  is 
possible  that  this  was  significant  at  Rjukan,  also.  In 
the  secondary  plants,  the  electrodes  could  be  readily 
cleaned  between  batches. 

Since  the  equilibrium  constant  for  the  reaction 

H20  (/)  +  HD  (g)  -  HDO  (/)  +  H2  (g) 

is  3.88  at  25°C  and  2.73  at  100°C,  it  is  apparent 
that  the  separation  factors  up  to  8  observed  in  elec- 
trolysis must  be  due  to  some  mechanism  other  than 
establishment  of  equilibrium  in  this  reaction  at  the 
cathode  surface.  One  plausible  explanation  is  that 
the  hydrogen  ion  is  discharged  more  readily  at  the 
cathode  than  the  Deuterium  ion,  thus  accounting  for 
the  tendency  of  hydrogen  to  concentrate  in  the  gas. 
This  explanation  is  given  support  by  laboratory  find- 
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ings22  that  the  separation  factors  up  to  7.5  may  be 
had  under  conditions  of  irreversible  electrolysis,  with 
high  current  densities  or  with  electrode  materials 
that  do  not  catalyze  this  reaction.  At  low  current 
densities,  or  with  electrodes  that  catalyze  the  above 


HYDROGEN    BURNED 
FROM  THESE  STAGES 


Figure   10.  Electrolytic  plant  with  hydrogen  burned  and 
recycled  on   upper  stages 

reaction,  separation  factors  in  electrolysis  around  3, 
the  equilibrium  constant  for  this  reaction,  are  ob- 
served. 

5.3     Evaluation  of  Electrolytic  Process 

Because  of  its  high  separation  factor  and  the  ease 
with  which  it  can  be  operated  on  the  small  scale, 
the  electrolyte  procevSS  is  without  equal  for  the  refin- 
ing of  partially  concentrated  heavy  water.  Its  use- 
fulness for  production  of  heavy  water  from  natural 
water,  however,  is  severely  limited  by  the  large 
amounts  of  water  to  be  handled  in  such  a  case  and  the 
high  unit  costs  of  electrolysis.  To  show  the  limita- 
tions of  electrolysis,  it  is  of  interest  to  estimate  the 
maximum  amount  of  heavy  water  which  can  be  pro- 
duced economically  as  byproduct  of  an  electrolytic 
hydrogen  plant. 

The  somewhat  optimistic  assumption  will  be  made 
that  a  separation  factor  of  7  can  be  obtained  without 
increasing  the  cell  voltage  above  2.1,  perhaps  by 
proper  surface  treatment  of  the  electrodes.  This 
voltage  corresponds  to  54  kwh  per  pound  mole  of 
water  electrolyzed,  at  95%  current  efficiency,  or  142 
kwh  per  thousand  standard  cubic  feet  of  hydrogen 
produced. 

As  a  specific  example,  we  may  consider  a  plant 
designed  to  produce  10,000  pound  moles  of  hydrogen 
per  day,  while  recovering  as  a  byproduct  as  much 
heavy  water  as  can  be  economically  justified.  The 
atom  fraction  D  in  feed  water,  ATO,  will  be  taken  as 


the  natural  value  of  0.000149,  and  the  atom  fraction 
D  in  the  heavy  water  product,  XP,  will  be  taken  as 
0.99687  (to  make  the  number  of  stages  come  out 
even).  The  flowsheet  of  series-connected  electrolytic 
cells  shown  in  Fig.  10  will  be  assumed,  with  hydrogen 
from  the  lower  stages  being  used  as  the  principal 
plant  product  and  with  hydrogen  from  the  upper 
stages  being  burned  and  recycled  to  increase  recovery 
of  heavy-water  byproduct.  The  principal  variables 
in  such  a  flowsheet  are :  ( 1 )  the  increase  in  deuterium 
content  taken  per  stage;  and  (2)  the  deuterium  con- 
tent, vm,  at  and  above  which  hydrogen  is  burned  and 
recycled. 

'ihe  increase  in  deuterium  per  stage  is  measured 
by  the  stage  enrichment  factor,  /?,  defined  in  terms 
of  the  atom  fraction  D  in  the  water  leaving  this  stage, 
xm,  and  the  atom  fraction  D  in  the  water  leaving  the 
next  lower  stage,  ^m_1  as 


The  optimum  enrichment  per  stage  for  this  flowsheet 
is  that  which  causes  the  water  from  the  next  lower 
stage  and  recycle  water  from  the  next  higher  stage 
to  have  the  same  deuterium  content : 

^m-i^ym  +  i  (5.2) 

so  that  there  will  be  no  loss  of  separation  through 
mixing  streams  of  different  isotopic  content.  Since 
ym  +  i  ancl  -rm  +  i  are  related  by  the  stage  separation 

factor  a : 


(5.3) 


it  is  evident  that  for  (5.2)  to  hold  we  must  have 

02  =  «  (5.4) 

if  ft  is  to  have  the  same  value  on  every  stage. 

We  will  use  condition  (5.4)  to  set  the  enrichment 
per  stage  in  the  lower  stages  in  which  hydrogen  is 
not  recycled,  also.  The  total  number  of  stages,  n,  is 
then  given  by 


log 


XP    (1— 


(1— 


log 


(5.5) 


Table  VII.  Separation  Factors  in  Electrolytic  Heavy-Water  Plants 


Rjukan 
Primary 

Trail 

M  or  g  ant  own 
Secondary 

Primary 

Secondary 

Cell  diaphragm 
Cathode 
Electrolyte  :  material 
initial  wt  % 
final  wt  % 
Temperature 
Voltage 
Separation  factor 

Yes 

Steel 
KOH 

~60 
2.1 
5.3 

Yes 

Steel 
KOH    NaOH       " 
28    20 
28    20 
60-70 
2.1 
3 

No 
Steel 
KOH 
2.5 
15 
23 
2.6 
8 

No 
Steel 
KoC03 
/  .^ 
15 
40 
2.6-3.4 
6.0-8.2 
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which  for  the  specific  separation  under  consideration 
is 

F  0.99687    0.9998511 


log 


L  0. 


0.000149    0.00313 


•=15   (5.6) 


The  deuterium  content  of  hydrogen  and  water  leaving 
the  lower  stages  of  this  cascade  is  given  in  Table 
VIII. 

It  evidently  would  not  pay  to  burn  and  recycle 
hydrogen  from  stages  1  and  2,  because  it  is  no  richer 
in  deuterium  than  feed.  To  determine  at  which  stage 
it  would  pay  to  begin  to  burn  and  recycle  hydrogen, 
a  number  of  alternative  flowsheets  have  been  worked 
out,  with  the  most  significant  results  summarized  in 
the  last  three  columns  of  Table  VIII.  In  the  first  case 
listed,  hydrogen  is  burned  and  recycled  on  stage 
3  and  all  higher  stages  in  the  second  on  stage  4  arid 
higher,  etc.  In  each,  the  unburned  hydrogen  produc- 
tion rate  has  been  held  constant  at  10,000  moles.  For 
each  case  there  has  been  evaluated:  (1)  the  moles 
of  hydrogen  burned  and  recycled  (//)  ;  and  (2)  the 
moles  of  heavy  water  produced  (P). 

To  determine  which  of  these  cases  is  best  economic- 
ally, it  is  necessary  to  set  a  value  on  the  hydrogen 
which  is  burned  and  therefore  lost.  A  representative 
value  for  hydrogen  produced  commercially  by  re- 
forming natural  gas  is  $0.50  per  thousand  cubic 
feet;  an  electrolytic  plant  would  probably  not  be 
built  unless  it  could  sell  hydrogen  for  this  figure. 
Since  0.5  moles  of  oxygen  are  consumed  per  mole  of 
hydrogen  burned,  it  is  necessary  to  set  a  value  on 
this,  too.  A  value  of  $12  per  ton,  or  $0.50  per 
thousand  cubic  feet,  will  be  used.  The  value  of  hy- 
drogen and  oxygen  consumed  is  therefore  $0.75  per 
thousand  cubic  feet  or  $0.285  per  mole  of  hydrogen 
burned. 

The  next-to-thc-last  column  of  Table  VIII  gives 
A///AP,  the  ratio  of  the  additional  hydrogen  which 
must  be  made  to  the  additional  heavy  water  produced 
when  hydrogen  from  an  additional  stage  is  burned 
and  recycled.  The  last  column  gives  the  value  of 
the  additional  hydrogen  and  the  associated  oxygen 
required  to  produce  one  pound  of  additional  DoO. 


This  is  obtained  as  $0.285/20  X  A///A/>.  Because  of 
the  high  value  of  $93  per  pound  of  incremental  D2O 
made  by  burning  hydrogen  from  stage  3,  it  is  evident 
that  it  would  not  be  economic  to  burn  hydrogen  from 
this  stage.  The  incremental  value  of  $35  per  pound 
for  hydrogen  from  stage  4  is  close  to  the  cost  of  heavy 
water  in  competing  processes.  Burning  hydrogen 
from  stage  4  to  increase  heavy  water  production 
therefore  might  be  justified.  Burning  hydrogen  from 
stage  5  and  higher  would  certainly  be  economic. 

The  average  cost  of  hydrogen  and  oxygen  burned 
to  make  heavy  water  in  the  most  favorable  case  is 


458  X  0.285 
0.488  X  20 


=  $13.4/lbD20          (5.7) 


Although  other  operations  would  add  something  to 
the  cost,  it  is  evident  that  electrolysis  provides  a  way 
of  making  small  amounts  of  heavy  water  at  a  very 
low  cost  as  a  byproduct  of  hydrogen  and  oxygen. 
The  assumptions  on  which  this  is  based  should  be 
restated:  (1)  the  cost  of  producing  hydrogen  and 
oxygen  by  electrolysis  is  $0.50  per  thousand  cubic 
feet;  and  (2)  the  separation  factor  can  be  increased 
to  7  without  increasing  the  cost  of  electrolysis. 

Figure  11  is  a  flowsheet  for  a  plant  for  this  most 
favorable  case,  in  which  hydrogen  from  stage  4  and 
higher  is  burned  and  recycled.  The  fraction  of  deu- 
terium in  the  feed  which  is  recovered  is  only 


0.488 


=  0.327 


(5.8) 


10,000  X  0.000149 

This  low  recovery  is  characteristic  of  the  electrolytic 
process  when  used  as  the  sole  means  of  concentrating 
deuterium.  As  a  result,  the  amount  of  heavy  water 
which  could  be  produced  by  electrolysis  alone,  even 
at  a  large  electrolytic  plant,  is  small. 

The  power  consumption  per  unit  of  heavy  water 
is  enormous.  At  54  kwh  per  mole  of  water  electro- 
lyzed,  the  plant  of  Fig.  1 1  would  consume 


54  X  10,458 
0.488  X  20 
or  128  kwh/gm. 


=  57,800  kwh/lb  D2O         (5.9) 


Table  VIII.     Electrolytic  Plants  for  Production  of  10,000  Moles_of  Hydrogen,  with  Heavy  Water  as 

Byproduct.  Conditions:  a  =  7,  ft  =  \/7t  15  Stages. 


Atom  <Jo  T)  in 
stage  product 

Moles  hydrogen 
burned  and 
recycled 
from  this 
and  higher 
stages  (H) 

Moles 
Dfi 
product 
(P) 

Value  of  hydro- 
gen consumed 
to  produce 
incremental 
*>/>, 
$/lb  D/> 

Stage 
No.  (i) 

Hydrogen 
(100  yt) 

Water 
(100  .v{) 

Feed 

— 

0.0149 

1 

0.00563 

0.0394 

_ 

_. 

2 

0.0149 

0.1042 

_ 

— 

3 

0.0394 

0.275 

1550 

0.655 

6530 

93 

4 

1.042 

0.725 

458 

0.488 

2460 

35 

5 

0.275 

1.89 

127.3 

0.3535 

940 

13 

6 

0.725 

4.84 

35.7 

0.256 

361 

5.1 

7 

1.89 

11.88 

10.3 

0.1856 

— 

— 

15 

97.85 

99.687 

— 

— 

59 

0.8 

No  recycle 

0.0 

0.0121 
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HYDROGEN   PRODUCT   =   10,000                                         HYDROGEN   BURNED  =  458 

X                                                                                       A 

(                     ^   ( 

^ 

MOLES  H2 

+  D2'        7250                 1998                 752          '         '      285.0 

107.8 

41.1                         0.189 

I 

MOLES   D? 

0.408                0.293               0.296                       0.297 

0.297 

0.299                        0.186 

%  D* 

0.00563            0.0149            0.0394                      0.1042 

0.275 

0.  725                         97.  85 

NATURAL 

JT\  BURNER 

t       \       \   /Y  / 

j           / 

*>  +  A 

HEAVY 

WATER 

\      STAGE        I                            |         /             1         / 

\         / 

\     /^            \ 

WATER 

FEED 

*4"il        *J  «  I         »j  o  i        Jdi         » 

\    5   \  \ 

+\    6    f~»H     \  ^    IS  f 

PRODUCT 

TJJ          '     '        n  3  1       *1  4  1        * 

%   D 

0.0149             0.0394               0.1042               0.275                 0.725 

1.89 

4.  84       99.  175 

99.687 

MOLES 

10000.5            2750.5                 752.5                 285.5                 108.3 

41.6 

16.24      0.679 

0.490 

WATER 

D20 

1.49                1.C82                0.784                 0.785                 0.785 

0.787 

0.786       0.674 

0.488 

Figure  11. 

Optimum  electrolytic  cascade  for  production  of  10,000  moles  hydrogi 

sn  and  heavy 

'  water  byproduct;  a  —  7,  | 

9  =  7 

6.     STEAM-HYDROGEN  EXCHANGE 

6.1      Principle  of  Process 

In  the  electrolytic  cascade  shown  in  Fig.  11,  67.3% 
of  the  deuterium  in  the  water  fed  leaves  with  the 
hydrogen  product  at  too  low  a  concentration  for 
economic  recovery  by  electrolysis,  even  though  over 
half  of  the  deuterium  in  the  hydrogen  product  is  at 
or  above  the  natural  abundance.  Some  of  the  deu- 
terium in  this  hydrogen  may  be  recovered  economic- 
ally by  the  steam-hydrogen  exchange  process.  The 
principle  of  this  process  may  be  seen  through  an 
example.  Consider  the  effect  of  mixing  hydrogen 
from  stage  3  of  Fig.  11  containing  0.0394 %  D  with 
an  equal  volume  of  steam  containing  the  natural 
abundance  of  D,  0.0149%,  and  passing  the  mixture 
over  a  catalyst  at  80°  C  in  which  the  exchange 
equilibrium 

HD  +  H2O  5±  H2  +  HDO 

is  established.  Since  the  equilibrium  constant  for 
this  reaction  is  2.80  at  this  temperature,  the  deuterium 
content  of  hydrogen  and  steam  will  be  changed  as 
follows : 


Hydrogen 
Steam 


Before 
equilibration 

0.0394 
0.0149 


After 
equilibration 

0.0143 
0.0400 


By  cooling  the  mixture  to  condense  the  steam,  and 
separating  the  hydrogen  and  water,  it  is  possible  to 
transfer  deuterium  from  hydrogen  gas  to  water 
without  burning  the  hydrogen,  and  thus  to  increase 
the  heavy-water  output  from  an  electrolytic  plant 
without  having  to  sacrifice  hydrogen  production. 
This  principle  would  be  applicable  not  only  to  hy- 
drogen slightly  enriched  in  deuterium,  as  from  stage 
3  of  Fig.  11,  but  to  any  hydrogen  containing  more 
than  1/2.80  of  the  natural  abundance  of  deuterium, 
since  deuterium  would  be  transferred  to  natural 
water  from  such  hydrogen. 

The  variation  of  this  equilibrium  constant  with 
temperature  is  given  in  Table  IX.  The  theoretical 


values  were  used  in  the  design  of  the  Trail  plant 
and  the  interpretation  of  its  performance. 

The  exchange  reaction  proceeds  at  a  negligible 
rate  unless  catalyzed,  and  the  only  catalysts  thus  far 
developed  lose  activity  in  the  presence  of  liquid 
water.  It  is  thus  necessary  to  use  a  gas-phase  catalytic 
reactor,  as  described  in  the  previous  example. 

The   recovery   of   deuterium    from   hydrogen    by 
exchange  with  water  can  be  increased  over  the  single- 
stage  example  just  cited  by  using  a  multistage  count- 
Table  IX.     Equilibrium  Constant  for  Steam- 
Hydrogen  Exchange  Reaction 
H2O  +  HD  ^±  HDO  +  H2 


Temp.,  *C 

Equilibrium 

Constant  (/C) 

Theoretical* 

Observed-}- 

0 

4.19 

_ 

25 

3.62 

— 

50 

3.20 

3.05 

75 

2.88 

2.77 

100 

2.63 

2.55 

125 

2.43 

2.36 

200 

— 

1.98 

300 

- 

1.69 

400 

- 

1.52 

500 

_ 

1.39 

600 

_ 

1.30 

750 

- 

1.21 

*  From  Kirshcnbaum.13  Evaluated   from  molecular  con- 
stants, 
t  Smoothed  from  experimental  data  of  Cerrai  et  a/.2 

ercurrent  cascade.  The  simplest  arrangement,  con- 
sisting of  a  tower  packed  with  catalyst  through  which 
liquid  water  flows  down  and  gaseous  hydrogen  flows 
up  is  unfortunately  not  practical,  because  of  the  in- 
activation  of  catalyst  mentioned  above.  One  possible 
arrangement  of  gas-phase  exchange  reactors  is  shown 
in  Fig.  12.  In  such  a  cascade  each  exchange  reactor, 
with  its  associated  evaporator,  condenser,  and  separ- 
ator acts  like  a  single  plate  of  a  distillation  column. 
If  the  condenser  condenses  all  of  the  steam  leaving 
a  stage,  the  separation  factor  is  simply  the  equilibrium 
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constant  K  for  the  above  exchange  reaction,  with  a 
value  around  2.8.  In  such  a  cascade,  the  electrolytic 
cell  acts  like  a  reboiler  to  provide  hydrogen  recycle 
for  the  exchange  cascade.  In  fact,  the  additional  en- 
richment of  deuterium  occurring  in  the  electrolytic 
cell  is  not  essential  for  the  operation  of  the  process, 
since  any  desired  degree  of  enrichment  could  be  ob- 
tained by  using  a  sufficient  number  of  exchange 
stages  in  series. 

The  maximum  recovery  of  deuterium  from  natural 
water  possible  with  such  a  cascade  as  the  number  of 
stages  is  increased  indefinitely  is  64%,  as  may  be 
determined  from  equation  (4.9)  with  a  =  K  =  2.8. 
This  is  double  the  maximum  recovery  attainable 
economically  by  electrolysis  alone.  The  deuterium 
content  of  hydrogen  in  equilibrium  with  natural 
water  is  0.0053%. 

6.2      History  of  Process 

In  1941,  the  steam-hydrogen  exchange  process  for 
enriching  deuterium  was  proposed  independently  by 
Harteck  and  co-workers  in  Germany  and  by  Urey 
and  co-workers  in  the  United  States.  Harteck  and 
Suess8'10  developed  a  supported  nickel  catalyst  which 
caused  the  exchange  reaction  to  take  place  at  an 
acceptable  rate  below  100° C,  where  the  equilibrium 
constant  is  favorable.  In  1942,  a  set  of  exchange  re- 
actors containing  this  catalyst  was  installed  to  treat 
hydrogen  from  the  sixth  stage  of  the  electrolytic 
plant  at  Rjukan,  Norway,21  and  additional  reactors 
were  planned  for  the  fourth  and  fifth  stages,  but 
operation  was  interrupted  by  the  war  before  this 
could  be  completed. 

In  the  United  States  the  steam-hydrogen  exchange 
process  was  the  first  selected  for  commercial  develop- 
ment by  the  Manhattan  District,  and  a  heavy-water 
plant  using  this  process  was  built  at  the  synthetic 
ammonia  plant  of  the  Consolidated  Mining  and  Smelt- 
ing Co.,  at  Trail,  British  Columbia.  A  nickel-chromia 
catalyst  for  the  exchange  reaction  was  developed  by 
H.  C.  Urey  and  co-workers  at  Columbia  University, 
and  a  platinum  catalyst  supported  on  activated  carbon 
was  developed  by  H.  S.  Taylor  and  co-workers  at 
Princeton  University.  The  exchange-tower  system 
used  in  the  Trail  plant  was  devised  by  F.  T.  Barr 
and  co-workers  of  the  Standard  Oil  Development 
Co.,  who  were  responsible  for  the  basic  design  of 
the  plant.  In  September,  1942,  construction  of  the 
exchange  plant  at  Trail  was  started.  The  primary 
exchange  plant  and  the  secondary  electrolytic  plant 
(see  Section  5)  started  operation  in  June,  1943. 
Deuterium  concentrations  reached  steady  values  in 
September,  1944;  the  delay  is  due  to  the  long  equi- 
librium time  of  this  process,  around  8  months.  By 
1945,  the  plant  was  producing  1100  Ib  of  99.8% 
heavy  water  per  month.  It  is  still  in  operation. 

6.3     The  Trail  Plant 
6.31     Towers 

The  cascade  of  Fig.  12  has  the  disadvantage  of 
requiring  the  production  and  condensation  of  a  vol- 
ume of  steam  equal  to  the  volume  of  hydrogen  being 
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Figure  12.  Cascade   of   exchange    reactors 

treated  times  the  number  of  stages  in  the  plant.  To 
reduce  this  steam  requirement,  the  Trail  plant  uses 
the  tower  arrangement  shown  in  Fig.  13.  A  gaseous 
mixture  of  steam  and  hydrogen  flows  up  this  column, 
passing  alternately  through  a  pair  of  bubble-plate 
absorption  trays,  a  heater  to  vaporize  entrained 
water,  a  chamber  filled  with  catalyst,  another  pair 
of  absorption  trays,  another  catalyst  chamber,  and 
so  on  through  the  top  pair  of  absorption  trays.  Water 
flows  down  the  column  through  the  top  pair  of 
absorption  trays,  then  bypasses  the  catalyst  chamber, 
arid  continues  through  the  second  pair  of  absorption 
trays  and  so  on  through  the  bottom  set  of  absorp- 
tion trays.  Each  tower  of  the  Trail  plant  contains 
13  catalytic  sections  and  14  absorption  sections. 
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Figure  13.  Section  of  exchange  tower  of  Trail  plant 
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In  the  gas  flowing  up  through  a  catalyst  chamber, 
deuterium  is  partially  transferred  from  HD  to 
HDD;  as  the  gas  next  flows  up  through  an  absorp- 
tion section,  the  HDO  is  partially  absorbed  from 
the  gas  phase  by  the  downflowing  water.  The  over- 
all result  is  a  transfer  of  deuterium  from  gas  to 
liquid,  so  that  as  the  gas  flows  up  it  is  progressively 
depleted  in  HD,  and  as  the  liquid  flows  down  it  is 
progressively  enriched  in  HDO. 
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Figure  14.  Flowsheet  for  one  exchange  tower  and 
electrolytic  cell  group 

Steam  is  produced  and  condensed  only  once  for 
an  entire  tower,  and  the  ratio  of  steam  to  hydrogen 
may  be  varied  at  will  and  is  less  than  unity.  Steam 
consumption  is  therefore  only  a  small  fraction  of 
that  of  Fig.  12,  but  more  catalytic  stages  are  required 
for  a  given  change  in  deuterium  content. 

The  primary  heavy-water  plant  at  Trail  consists 
of  four  groups  of  exchange  towers  and  electrolytic 
cells  connected  in  countercurrent  cascade.  Fig.  14 
shows  the  flow  through  one  such  group.  At  the 
top  of  the  tower,  vapor  is  cooled  in  a  condenser; 
most  of  the  steam  is  condensed  and  combined  with 
water  from  the  next  lower  group  of  electrolytic 
cells.  Hydrogen  from  the  condenser  is  returned  to 
the  next  lower  group  of  towers.  At  the  bottom  of 
the  tower  steam  is  generated  by  vaporizing  part  of 
the  water  in  a  reboiler;  hydrogen  is  generated  by 
dissociating  part  of  the  water  in  a  group  of  electro- 
lytic cells  with  diaphragms  to  separate  hydrogen 
from  oxygen.  Upflowing  vapor  consists  of  this 


steam  and  hydrogen,  together  with  hydrogen  from 
the  next  higher  tower.  Water  fed  forward  to  the 
next  higher  tower  is  obtained  as  condensate  from 
the  hydrogen  and  oxygen  gases  leaving  the  electro- 
lytic cells.  The  forward  feed  is  re-evaporated  (not 
shown)  to  keep  entrained  electrolyte  out  of  the 
towers. 

6.32     Plant  Flowsheet 

Figure  15  shows  how  the  electrolytic  cells  and 
exchange  towers  of  the  primary  Trail  plant  are 
connected  in  countercurrent  cascade.  Flow  rates  and 
compositions  are  external  to  the  towers ;  condensate 
and  reboil  steam  quantities  within  the  exchange 
towers  have  not  been  shown.  Since  these  are  ob- 
served quantities  reported  for  the  Trail  plant,10 
they  are  not  in  exact  material  balance. 

The  main  flow  pattern  is  shown  at  the  right  of 
the  figure.  Water  flowing  down  through  the  first 
exchange  tower  T-l  is  enriched  from  a  feed  con- 
centration of  0.0138  atom  %  D*  to  0.037%  D.  Most 
of  this  water  is  electrolyzed  in  the  first  group  of 
cells,  C-l,  where  its  D  content  is  further  increased 
to  around  0.08%.  The  water  is  enriched  to  0.143% 
D  in  the  second  column,  and  to  0.285%  D  in  the 
second  group  of  electrolytic  cells,  C-2,  where  about 
%  of  the  water  is  converted  to  hydrogen.  By  pro- 
ceeding in  this  way  through  the  third  and  fourth 
stages  of  towers  and  cells,  the  D  content  of  the 
water  is  increased  to  2.14%.  Meanwhile  the  D  con- 
tent of  the  hydrogen,  flowing  countercurrent  to  the 
water,  is  decreased  from  0.69%  in  the  gas  leaving 
the  fourth  group  of  cells,  C-4,  to  0.005%  in  the 
stripped  hydrogen  discharged  from  the  plant. 
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Figure  15.  Flow  external  to  towers  of  exchange  plant  at  Trail 
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Table  X.     Equipment  of  Trail  Exchange  Plant 


Stage 

l 

* 

3 

4 

Number  of  electrolytic  cells 

2693* 

378 

96 

30 

Number  of  exchange  towers 

3t 

1 

1 

1 

Tower  diameter,  ft 

8.5 

5 

2.5 

1.5 

Tower  height,  ft 

112 

108 

97 

96.5 

Number  of  absorber  plates 

35  * 

32  § 

32  § 

32§ 

Number  of  catalyst  chambers 

13 

13 

13 

13 

Absorber  plate  spacing,  in. 

8 

8 

8 

8 

Catalyst  depth,  in. 

Provided 

24 

24 

24 

26 

Used 

4.5 

6 

6 

4.25 

Catalyst  volume  used,  ft3 

480 

111 

27 

5.4 

Catalyst  type 

Pt 

Pt 

Pt 

Ni-Cr 

Reboiler  duty,  BTU/hr 

Design 

10,000,000 

3,250,000 

850,000 

250,000 

Operation 

2,250,000 

580,000 

187,000 

18,700 

Condenser  duty,  BTU/hr 

Design 

11,800,000 

3,800,000 

950,000 

240,000 

Operation 

4,240,000 

1,160,000 

216,000 

58,300 

*  288  of  these  cells  are  in  Group  O. 
$  Six  below  bottom  catalyst  bed  and  five 
above  top. 

Superimposed  on  this  main  flow  pattern  are  the 
following  additional  features : 

1.  Stripped  water  from  the  secondary  plant  con- 
taining 0.67%  D  is  fed  to  stage  3  electrolytic  cells. 

2.  Condensate  from  the  top  of  the  first  tower 
containing  0.0133%   D,   slightly  less  than  natural 
water,  is  wasted  rather  than  being  returned  to  this 
tower. 

3.  Some  partially  enriched  water  is  carried  with 
the  oxygen  leaving  the  cell  gas  coolers.  These  oxygen 
streams,  at  the  left  of  Fig.  15,  are  combined  and 
scrubbed  with  natural  water,  which  is  thereby  en- 
riched to  0.1%   D.    This  water  bypasses  the  first 
stage  altogether. 

4.  Some  feed  water  bypasses  the  first  stage  tower 
in  order  to  feed  a  group  of  electrolytic  cells  C-0. 
These  cells  could  not  be  made  completely  leakproof, 
and  it  was  better  to  have  the  losses  at  the  lowest 
possible  D  content.  Water  from  C-0  is  fed  into  the 
first-stage  electrolytic  cells,  C-l,  and  hydrogen  from 
C-0  is  combined  with  hydrogen  from  C-l. 

The  reason  for  electrolyzing  water  at  four  differ- 
ent D  contents  rather  than  only  at  the  rich  *md  of 
the  plant  is  that  the  amount  of  hydrogen  needed 
for  reflux  becomes  smaller  as  the  water  becomes 
more  enriched.  In  this  way,  by  electrolyzing  most 
of  the  water  ahead  of  the  second  stage,  the  amount 
of  liquid  and  gas  to  be  handled  in  the  second  stage 
is  reduced,  and  the  tower  and  reboiler  of  this  stage 
can  be  made  smaller  and  cheaper.  Further,  the 
deuterium  holdup  at  higher  enrichment  is  smaller, 
so  that  the  plant  takes  less  time  to  come  to  steady 
concentrations.  This  principle  is  important  in  all 
isotope  separation  processes  and  is  especially  impor- 
tant in  this  one  because  of  its  relatively  large  holdup 
per  unit  capacity. 


*It  is  interesting  that  the  D  content  of  natural  water  at 
Trail  is  appreciably  lower  than  the  normal  natural  value 
of  0.0149%. 


fOne  vspare. 

i  Six   below  bottom  catalyst  bed  and   two 
above  top. 

6.33     Stage  Data 

Table  X  summarizes  data  on  the  progressively 
smaller  equipment  used  in  the  four  stages  of  this 
exchange  plant.  The  plant  uses  only  6  towers,  of 
which  one  is  a  spare,  to  produce  twice  as  much 
heavy  water  as  the  Morgantown  water  distillation 
plant,  with  18  columns.  As  this  table  shows,  the 
plant  was  overdesigned  in  respect  to  the  reactor 
volume  provided  for  catalyst  and  the  steam  generat- 
ing and  condensing  capacity  provided. 

Table  XI  lists  the  principal  operating  conditions 
used  in  the  exchange  towers.  Flow  data  are  not 
entirely  consistent  with  Fig.  15.  The  towers  are 
operated  at  temperatures  between  60  and  73  °C,  a 
condition  found  by  experience  to  give  maximum 
recovery.  Lower  temperature  has  the  disadvantage 
that  the  amount  of  steam  carried  by  the  upflowing 
hydrogen  is  too  small  to  transfer  much  deuterium 
from  HD  to  HDO  as  the  vapor  flows  up  through 
a  catalyst  chamber.  (As  an  extreme  example,  if  the 
hydrogen  carried  no  steam,  there  would  be  no 
enrichment.)  Higher  temperature  has  the  disadvan- 
tage that  the  hydrogen  carries  so  much  excess  steam 
that  the  change  in  HDO  content  of  the  vapor  flow- 
ing through  a  catalyst  chamber  is  small.  (As  an 
extreme  example,  at  the  normal  boiling  tempera- 
ture, the  tower  would  behave  like  a  water  distillation 
column,  and  the  catalyst  would  have  no  effect.) 
Also,  at  higher  temperature,  the  equilibrium  con- 
stant is  lower.  At  temperatures  around  60-75  °C, 
the  enrichment  per  catalyst  stage  is  a  maximum. 
Somewhat  higher  temperatures  are  used  in  the  first 
tower  than  in  the  others  because  the  pressure  there 
is  higher. 

As  this  table  shows,  both  the  platinum  and  nickel 
catalyst  were  very  active.  Despite  the  high  space 
velocities  used,  a  95%  approach  to  exchange  equi- 
librium was  attained  in  each  catalyst  bed,  with  fresh 
catalyst.  After  two  years'  operation,  conversions 
were  still  in  the  range  of  80%  to  95%.  Both  catalyst 
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types  are  poisoned  by  KOH,  CO  or  sulfur  compounds, 
and  can  be  used  only  with  very  pure  hydrogen. 

6.34  Costs 

Capital  costs  for  this  plant,  built  in  1943,  were : 

$ 

Plant   (including  CM&S  revisions)  2,349,000 

Research  and  development  472,200 

Operating  costs  during  6  months 

to  come  to  equilibrium  180,000 

Total  3,001,200 

Operating  costs  in  1945  were  $30,000  per  month, 
of  which  utilities  were  only  $9000.  At  a  production 
rate  of  1100  pounds  per  month,  unit  costs  in  1945 
were :  investment  $227/lb  D2O/yr ;  operating  $27.3/ 
Ib  D2O.  Present  operating  costs19  are  $60/lb  D2O, 
including  overhead  and  profit  to  CM&S. 

6.35  Material  Balance 

The  material  balance  for  the  conditions  of  Fig. 
15  is: 

Moles /hr          %  D      Moles  Ds/hr 

1.  Feed  1972  0.0138       0.272 

2.  Water  from  sec.  plant  5.12       0.67  0.0343 

Input  7977 0.306 

3.  Product  5.07  2.14  0.1085 

4.  Waste  condensate  498  0.0133  0.0663 

5.  Stripped  hydrogen  1367  0.0050  0.0684 

Output  1870  0.2432 

There  is  evidently  considerable  loss  at  D  enrich- 
ments above  normal. 

The  net  production  is  item  3  less  item  2,  or  0.0742 
moles  per  hr,  which  is  1070  pounds  D2O  per  month. 
The  net  recovery  due  to  exchange  is  the  net  produc- 
tion divided  by  the  deuterium  content  of  water 
converted  to  hydrogen: 


Net  recovery  = 


0.0742 


=  0.393      (6.1) 


1367  X  0.000138 

If  there  were  no  losses,  the  net  recovery  with  hydro- 
gen carrying  0.005%  D  from  the  plant  would  be 

0.000138  —  0.000050 


0.000138 


=  0.637 


(6.2) 


Table  XL    Tower  Operating  Conditions,  Trail  Plant 


Stage 

i 

* 

5 

4 

Tower  pressure,  mm 

Top 

833 

716 

798 

713 

Bottom 

957 

798 

798 

764 

Average  catalyst  temp.,  °C 

73 

67 

64 

62 

Average  absorber  temp.,  °C 

69 

64 

61 

60 

Moles  per  hour 

Water,  down 

1667 

275 

68.6 

20.28 

Hydrogen,  up 

1369 

212 

52.8 

12.6 

Steam,  up 

466 

66 

13.8 

3.18 

Vapor  velocity  through 

Absorber  plates  (Murphree) 

1.74 

1.73 

1.45 

1.11 

Space  velocity  through 

Catalyst  (fresh) 

H2/ft3/hr                            13,300 

8800 

8200 

10,800 

%  approach  to  equilibrium 

absorber  plates  (Murphree) 

53 

37 

48 

38 

catalyst  (fresh) 

95 

95 

95 

95 

This  is  almost  as  high  as  the  maximum  theoretical 
recovery,  which  is  secured  when  the  outgoing  hy- 
drogen is  in  exchange  equilibrium  with  incoming 
liquid  water  feed.  At  73°C,  the  catalyst  tempera- 
ture in  the  first  stage  tower,  the  equilibrium  con- 
stant, A'',  for  the  reaction 

H20  (/)  +  HD  (g)  ^±  HDO  (/)  +  H2  (g) 

is 

K'  =  AV  =  2.92  X  1.038  =  3.03      (6.3) 

The  minimum  deuterium  content  possible  for  the 
outgoing  hydrogen  is 

ymin  =  *f,«/K'  =  0.000138/3.03  =  0.0000455  (6.4) 
The  maximum  recovery  possible  is 


0.000138  -  0.0000455 
0.000138 


=  0.670        (6.5) 


Thus,  this  plant  does  an  efficient  job  of  absorbing 
deuterium  from  hydrogen;  its  low  recovery  is  due 
to  losses  rather  than  to  failure  to  remove  deuterium 
from  the  hydrogen  treated.  Most  of  the  losses  were 
in  the  electrolytic  cells,  which  were  not  designed 
to  minimize  losses  of  water  vapor. 

6.4     Discussion  of   Electrolysis  and   Exchange 
Process 

Operation  of  the  Trail  plant  for  over  ten  years 
has  shown  this  process  to  be  a  feasible  and  relatively 
economic  process  for  making  heavy  water.  Most 
of  the  deficiencies  of  the  Trail  plant  have  been 
caused  by  the  necessity  of  adapting  an  existing 
electrolytic  plant  to  the  production  of  heavy  water 
by  exchange.  If  a  new  electrolytic  plant  were  to  be 
built,  it  should  be  possible  to  design  the  electrolytic 
plant  and  associated  exchange  facilities  to  fit 
together  more  efficiently  than  was  possible  at  Trail. 

The  following  points  are  suggested  for  considera- 
tion in  the  design  of  a  future  electrolytic-and- 
exchange  plant:  1.  Losses  of  water  and  hydrogen 
should  be  minimized ;  2.  Electrolytic  cells  with  maxi- 
mum isotope-separation  factor  and  minimum  holdup 
should  be  developed;  3.  The  relative  flow  rates  of 
water  and  hydrogen  to  each  exchange  tower  should 
be  so  proportioned  that  every  catalyst  bed  converts 
the  same  fraction  of  HD  fed  to  it  to  HDO.  In 
this  way,  the  most  efficient  possible  use  is  made  of 
catalyst.  This  condition  requires  that  there  be  no 
net  transport  of  deuterium  through  an  exchange 
column,  or  that 

Gy  =  Lx  (6.6) 

where  y  is  the  atom  fraction  of  deuterium  in  hydro- 
gen, x  is  the  atom  fraction  of  deuterium  in  water, 
L  is  the  downflow  of  water,  and  G  is  the  upflow  of 
hydrogen  in  the  stream  at  top  or  bottom  of  a  column. 
Since  the  entire  net  transport  of  deuterium  was 
taken  through  the  towers  of  the  Trail  plant,  this 
condition  was  not  realized  there,  with  the  result 
that  the  catalyst  beds  at  the  top  of  each  tower 
converted  a  much  smaller  proportion  of  HD  than 
those  at  the  bottom. 
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If  it  should  be  possible  to  develop  an  electrolytic 
cell  with  an  isotope  separation  factor  in  the  neigh- 
borhood of  7,  the  above  condition  could  be  satisfied 
by  a  flowsheet  like  Fig.  16. 

To  illustrate  the  principle,  complications  intro- 
duced by  feed  of  partially  enriched  water  from  the 
secondary  plant  and  the  oxygen-scrubbing  tower 
have  been  omitted. 

Figure  16  refers  to  production  of  hydrogen  at 
the  same  rate  as  the  Trail  plant,  1367  moles  per 
hour;  enriched-water  product  has  the  same  deute- 
rium content  as  water  from  the  Trail  primary  plant, 
2.14  atom  %  D.  This  flowsheet  represents  what  is 
thought  to  be  the  best  that  could  be  done  in  any 
future  attempts  to  improve  this  process. 

This  flowsheet  has  been  so  arranged  that: 

1.  There  is  no  net  transport  of  deuterium  through 
the  exchange  towers. 

2.  At  each  mixing  point  the  deuterium  content 
of  both  streams  is  the  same. 

3.  Each    group    of    electrolytic    cells    and    each 
exchange  tower  spans  the  same  ratio  of  deuterium 
atom  fractions.  This  ratio  has  been  so  chosen  that 
the  number  of  plates  provided  in  the  towers  of  the 
Trail  plant  would  be  sufficient  for  the  conditions  of 
Fig.  16. 

Comparison  with  Fig.  15  shows  that  the  main 
differences  between  this  flow  scheme  and  that  of 
the  Trail  plant  are : 

1.  Hydrogen  from  group  0  of  electrolytic  cells  is 
discharged  from  the  plant  without  passing  through 
stage  1  towers.  When  the  electrolytic  separation 
factor  is  7,  this  is  possible  without  sacrifice  of  deu- 
terium recovery;  it  has  the  important  advantage  of 
reducing  the  vapor  load  in  stage  1  towers  to  only 
36%  that  in  the  Trail  plant. 
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2.  About  70%  of  the  water  fed  to  each  stage  by- 
passes the  exchange  tower;  in  the  Trail  plant  all 
of  the  water  flows  through  the  exchange  tower  and 
electrolytic  cell  in  series. 

This  idealized  plant  and  the  Trail  plant  are  com- 
pared further  in  Table  XII.  The  net  production  and 
the  recovery  of  the  idealized  plant  are  greater  by 
56%,  despite  the  somewhat  higher  D  content  of 
depleted  hydrogen.  This  is  because  of  the  assumption 
that  losses  could  l>e  eliminated.  The  total  hydrogen 
flow  through  the  exchange  towers  of  the  idealized 
plant  is  only  45%  that  of  the  Trail  plant,  with  most 
of  the  reduction  in  the  first  stage. 

This  comparison  and  the  cost  data  on  the  Trail 
plant  can  be  used  to  get  a  rough  idea  of  the  lowest 
value  to  which  the  cost  of  heavy  water  by  the  proc- 
ess could  be  reduced  if  the  assumptions  made  for 
the  idealized  plant  could  be  realized. 

The  production  rate  of  the  idealized  plant  is  20,000 
pounds  D2O  per  year. 

The  initial  cost  of  the  plant  is  assumed  to  be 
proportional  to  the  square  root  of  the  total  hydro- 
gen flow  rate  through  the  exchange  columns.  An 
allowance  is  made  for  increase  in  the  construction- 
cost  index  since  1943  by  a  factor  of  2.23.  Develop- 
ment and  startup  costs  for  the  Trail  plant  are  not 
included.  The  initial  cost  of  the  idealized  plant,  built 
today,  would  be: 


$2,350,000  X  V0.45  X  2.23  =  $3,550,000 
and  the  unit  investment  cost  would  be 
3,550,000 


20,000 

Unit  operating  costs  in  the  idealized  plant  are  as- 
sumed to  be  the  present  unit  operating  cost  divided 
by  the  ratio  of  production  in  the  idealized  plant  to 
the  present  plant,  or 

60/1.  56  =  $38/lb 

6.5     Other  Sources  of  Hydrogen 

The   steam-hydrogen   exchange  process,   as   now 

practiced,  is  restricted  to  hydrogen  produced  elec- 

trolytically,  because  the  catalysts  thus  far  developed 

are  poisoned  by  CO,  H2S  or  other  impurities  in  in- 

Table  XII.     Comparison  of  Trail  Plant  and 
Idealized  Electrolytic  and  Exchange  Plant 


Plant: 
Figure : 


Trail 
16 


Idealised   Idealised 
16  +  Trail 


Figure  16.  Cascade  of  exchange  towers  and  electrolytic  cells 

a   (elect.)  =  7 


Separation  factor  in  electrolysis  3  7 

Net  D2O  product,  moles/hr  0.0742  0.116        1.56 

Atom  %  D  in  depleted  hydrogen  0.0050  0.0054 

Net  D2O  recovery,  %  39%  61%        1.56 
Hydrogen  flow  through  exchange 
towers,  tnoles/hr 

Stage  1  1367  494.7       0.36 

Stage  2  212  174.7       0.82 

Stage  3  52.8  58.1        1.12 

Stage  4  12.6  15.5        1.23 

Total  1644.4  743.0       0.45 
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dustrial  hydrogen  from  other  sources.  Since  there 
are  few  places  in  the  world  where  it  is  economic  to 
produce  large  amounts  of  hydrogen  electrolytically, 
the  total  amount  of  heavy  water  which  can  be  made 
by  plants  like  Trail  is  limited.  Development  of  cata- 
lysts which  could  be  used  with  coke-oven  gas,  water 
gas,  or  ammonia  synthesis  gas  made  by  reforming 
hydrocarbons  would  greatly  increase  the  amount  of 
heavy  water  which  might  be  made  by  the  simple 
steam-hydrogen  exchange  process. 

7.     DUAL-TEMPERATURE  EXCHANGE  PROCESSES 
7.1     Steam-hydrogen  Exchange 

To  free  the  steam-hydrogen  exchange  process 
from  its  dependence  on  hydrogen  produced  for 
other  purposes,  Harteck  and  Suess6  proposed  a 
modification  in  which  hydrogen  is  recycled  through 
two  exchange  reactors  in  series,  one  at  low  temper- 
ture  and  the  other  at  high.  The  dependence  of  equi- 
librium constant  for  the  reaction  H2O  f  HD  +± 
H2  +  HDO  on  temperature  is  given  in  Table  IX. 

Figure  17  is  a  simple  example  to  show  the  prin- 
ciple of  such  a  dual-temperature  process.  Since  the 
equilibrium  constant  is  around  2.8  at  low  tempera- 
tures and  around  1.3  at  high,  deuterium  will  be 
transferred  from  hydrogen  to  steam  in  the  cold 
reactor  and  from  steam  to  hydrogen  in  the  hot.  The 
steam  from  the  cold  reactor  is  therefore  enriched 
in  deuterium  content  to  1.19  times  feed  and  that 


DEPLETED  WATER 

I    MOLF 

081   »0  •/.  Hf)0 


Figure   17.  Principle  of  dual-temperature  steam-hydrogen 
exchange  process 

from  the  hot  reactor  is  depleted  in  deuterium  con- 
tent to  0.81  times  feed.  For  the  special  case  in  which 
one  mole  of  steam  is  fed  to  the  hot  reactor  and  one 
mole  to  the  cold,  for  every  mole  of  hydrogen  cir- 
culated, the  separation  factor  is  1.19/0.81  =  1.47. 

Like  the  simple  exchange  process  of  Fig.  12,  steam 
consumption  in  the  scheme  of  Fig.  17  is  high.  How- 
ever, Trail-type  exchange  towers  may  be  used  to 
reduce  the  steam  consumption  in  the  dual-tempera- 
ture process  also.  Cerrai  et  a/.2  have  studied  a  num- 
ber of  possible  flow  schemes  for  the  dual-temperature 
steam-hydrogen  exchange  process,  and  have  shown 
that  the  one  illustrated  by  Fig.  18  has  the  maximum 
possible  separation  factor. 

Liquid  water  is  enriched  from  x0  to  X*  mole  frac- 
tion HDO  by  flow  down  the  enriching  absorber. 


WATCH 

rise 

LO  :  1  POUND  MOLE 
MOLEFR.  H00«xo 


MOLES  STEAM,  S  •  0.611 
MOLES  HrOROGF.N.H.  1.171 
MOLE   FRACTIONS 

HDO  IN  WATER:  y  :  O.Mt 


HO   IN  HYDROGEN: 


:  O.Mtio 
I  •  0.345  *<, 


STRIPPING 
ABSORBER 


COOLER      HEA*r       HOT 

EXCHANGER  EXCHANGE 
REACTOR 


i J'"" 

Figure  18.  Stage  of  dual-temperature  Hs-HaO  exchange  process 

This  is  a  Trail-type  exchange  tower,  at  a  low  tem- 
perature ti  in  which  absorption  trays  and  exchange 
reactors  alternate.  Deuterium  to  enrich  this  water 
is  obtained  from  the  steam  and  hydrogen  flowing 
up  through  this  column.  A  fraction  U  of  the  en- 
riched water  is  drawn  off  as  product.  The  remaining 
water  is  partially  stripped  of  HDO  by  flow  down 
the  lower-stripping  absorber.  Stripping  vapor  for 
this  absorber  is  obtained  by  recycling  the  mixture 
of  hydrogen  and  steam  from  the  top  of  the  upper 
absorber  through  an  exchange  reactor  at  a  high 
temperature,  t2,  where  the  equilibrium  constant  is 
lower  than  at  fi.  The  hot  exchange  reactor  transfers 
deuterium  from  HDO  to  HD,  and  thus  provides 
stripping  vapor  depleted  in  HDO  for  the  lower 
absorber,  while  at  the  same  time  making  hydrogen 
enriched  in  HD  which  passes  through  the  lower 
absorber  unchanged  and  then  helps  transfer  deute- 
rium to  water  in  the  upper  absorber.  Water  leaving 
the  lower  absorber  has  a  lower  HDO  content  (#") 
than  feed,  because  all  of  the  deuterium  added  to  the 
water  in  the  upper  absorber  is  taken  from  the  smaller 
quantity  of  water  flowing  through  the  lower  ab- 
sorber, by  means  of  the  recycled  hydrogen. 

The  particular  conditions  shown  on  this  flowsheet 
are  those  which  give  maximum  separation  factor  for 
a  hot  reactor  temperature  of  600°  C  and  atmospheric 
pressure.  The  separation  factor  of  1.464/0.682  = 
2.15  is  much  higher  than  in  the  simpler  scheme  of 
Fig.  17  (1.47),  and  the  process  consumes  no  steam. 
The  only  heat  input  is  that  needed  to  make  up  the 
heat  exchanger  temperature  difference,  and  this 
can  be  made  as  small  as  desired  by  providing  suffi- 
cient heat  transfer  surface.  In  this  example,  a  tem- 
perature difference  of  50°  C  was  assumed. 

The  higher  the  temperature  *2  the  better  the 
separation.  Any  catalysis  in  the  heat  exchanger  while 
the  gases  are  being  cooled  cancels  some  of  the  ex- 
change achieved  at  the  highest  temperature. 

To  multiply  the  separation,  stages  may  be  con- 
nected in  a  recycle  cascade,  as  shown  in  Fig.  19. 
For  clarity,  only  the  water  flow  is  shown. 

Cerrai  et  a/.2  have  shown  that  the  maximum 
separation  factor  for  the  flow  scheme  of  Fig.  18  is 


400 


VOL.  VIII         P/819        USA        M.  BENEDICT 


«  =  -^  (7.1) 

where  KI  and  A'2  are  equilibrium  constants  for  the 
exchange  reaction  at  temperatures  ti  and  f2.  To  ob- 
tain this  maximum  separation  factor,  the  following 
conditions  must  be  met: 

1.  In   gases    leaving   the   hot    reactor,   exchange 
equilibrium  must  be  attained. 

2.  In  the  lower,  stripping  absorber,  flow  rates  of 
liquid  (L")  and  steam  (S)  must  be  so  proportioned 
that  HDO  absorption  equilibrium  is  maintained  on 
all  plates. 

3.  In  the  upper,  enriching  absorber,  flow  rates  of 
liquid  (L),  steam  (S)  and  hydrogen  (//)  must  be 
so  proportioned  that  deuterium  exchange  equilibrium 
between  liquid  and  vapor  is  maintained  on  all  plates. 

Complete  attainment  of  equilibrium  would  require 
an  infinite  volume  of  catalyst  and  an  infinite  number 
of  plates  in  each  tower.  These  conditions  and  the 
corresponding  separation  factor  are  therefore  upper 
limits  which  may  be  approached,  but  not  attained, 
in  practice. 

These  three  conditions  are  sufficient  to  determine 
the  separation  factor  (a)  and  the  flow  rates  of 
steam  (S)  and  hydrogen  (//),  once  the  "cut"  of 
the  stage,  L'/Lo,  ^as  been  set.  The  optimum  cut, 
in  a  cascade  like  Fig.  19,  is  that  which  results  in 
equal  compositions  for  the  streams  that  come  to- 
gether at  each  mixing  point. 

Equal  compositions  at  mixing  points  are  secured 
when 


NATURAL 
WATER 


STAGE  I 
HEADS 


•r0 


By  material  balance 


(7.2) 


(7.3) 


When  the  mole  fractions  are  eliminated  from  these 
three  equations,  there  results 

Cut: 

L'/Lo  =  l/(v£  +  1)  (7.4) 

By  application  of  the  requisite  material  halance 
and  equilibrium  relations  to  the  two  absorbers  and 
the  hot  exchange  reactor,  it  is  found  that 

Separation  Factor: 

a  =  Ki/Ka  (7.5) 

Steam : 


Hydrogen : 


H/Lo  =  - 


(7.6) 
(7.7) 


V   **'»/••«      '       * 

Here,  «*  is  the  relative  volatility  of  H2O  relative  to 
HDO; 
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Figure  19.  Flow  of  water  through  cascade  of 
steam-hydrogen  exchange  stages 


a*  =  x/y  (7.8) 

These  relations  are  valid  when  the  deuterium  con- 
tent of  water  and  hydrogen  is  less  than  a  few  per 
cent. 

The  temperature  t\  at  which  the  absorbers  must 
be  run  is  that  at  which  the  vapor  pressure  of  water 
TT  gives  the  desired  ratio  of  S  to  II : 

":  (7.9) 


S  +  H      P 

at  the  total  pressure  P.  The  quantities  shown  in  Fig. 
18  have  been  derived  for  a  high  temperature  (£2)  of 
600°  C  and  a  pressure  of  one  atmosphere,  for  which 
the  required  low  temperature  (f2)  is  72.6°C.  This 
is  close  to  the  temperature  used  at  Trail. 

Equilibrium  constants  for  the  temperatures  of 
Fig.  18  are  a*  =  1.039,  #2  =  2.79,  and  KI  =  1.30, 
so  that  a  =  Kz/Ki  =  2.15. 

For  these  flow  quantities,  the  heat  consumption 
is  1280  BTU  per  pound  mole  of  stage  feed. 

It  is  of  interest  to  evaluate  the  number  of  stages, 
the  total  amount  of  hydrogen  circulated,  and  total 
heat  input  per  pound  of  D2O  produced  for  a  dual- 
temperature  cascade  like  Fig.  19  enriching  deuterium 
through  the  same  range  as  the  Trail  plant,  from 
XQ  =  0.000138  to  XP  =  0.0214.  The  number  of  stages 
is  given  by  (5.5)  : 


,  r 

log 
L 


0.9786 


0.9998621 
0.000138J 


=  2- 


Iog2.15 


-=13.2 


(7.10) 


This  may  be  compared  with  4  stages  at  Trail. 

The  sum  of  the  stage  feed  rates  for  a  cascade 
producing  one  mole  of  D2O  is 


X 


(7.11) 
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This  equation,  derived  from  the  general  theory  of 
isotope  separation  for  the  case  ;r0,  •*>  «  1»  is  given 
by  Cerrai  ct  a/.2  The  total  amount  of  hydrogen  cir- 
culated per  mole  D2O  is 


H 


=  118,700  X  1.178  =  140,000   (7.12) 


This  may  be  compared  with  1644.4/0.0742  =  22,200 
at  Trail,  obtained  from  Table  XII.  These  two 
results  suggest  that  the  capital  investment  for  a 
dual-temperature  steam-hydrogen  exchange  plant 
using  Trail-type  towers  would  be  rather  high. 

The  heat  consumption  of  this  process  is  strikingly 
low,  however.  The  heat  input  is  only 

1  18,700X1280 


At  $0.20  per  million  BTU,  the  cost  of  this  heat 
would  be  only  $1.52  per  pound  D2O.  Although 
these  are  idealized,  minimum  figures,  it  is  evident 
that  the  dual-temperature  exchange  process  permits 
notable  economies  in  energy  consumption.  By  com- 
parison, the  cost  of  steam  in  water  distillation  was 
found  to  be  $26.7  per  pound  D2O. 

The  large  number  of  stages,  and  the  probable 
high  capital  cost,  of  the  steam-hydrogen  exchange 
plant  just  described  is  caused  as  much  as  anything 
by  the  fact  that  only  one  exchange  equilibrium  con- 
tact at  the  high  temperature  is  obtained  per  stage. 
This  limits  the  separation  per  stage  to  K2/Ki. 
Greater  separation  per  stage  could  be  obtained  by 
using  a  Trail-type  tower  for  both  high  and  low 
temperature  exchange  reactors.  The  separation  per 
stage  could  then  be  increased  to  any  degree  by 
using  a  sufficient  number  of  equilibrium  contacts 
in  both  towers.  However,  it  would  not  be  possible 
then  to  use  the  optimum  ratio  of  steam  to  hydrogen 
in  both  towers,  and  the  deuterium  transfer  capacity 
per  catalyst  contact  would  be  reduced. 

If  it  were  possible  to  develop  a  catalyst  for 
the  steam-hydrogen  exchange  reaction  which  would 
not  be  inactivated  by  liquid  water,  the  need  for 
Trail-type  towers  would  be  eliminated  and  conven- 
tional bubble-plate  or  packed  liquid-vapor  contactors 
could  be  used.  Nothing  would  improve  the  prospects 
for  the  dual-temperature  steam-hydrogen  exchange 
process  more  than  discovery  of  such  a  catalyst. 


7.2     Other  Exchange  Reactions 

Table  XIII  lists  the  separation  factor  for  exchange 
of  deuterium  between  a  number  of  pairs  of  com- 
pounds of  hydrogen,  one  liquid  and  the  other  gas- 
eous. The  separation  factor  (a)  has  been  obtained 
by  multiplying  the  equilibrium  constant  (K)  by  the 
ratio  of  the  number  of  hydrogen  atoms  in  the  gas- 
eous compound  to  the  number  in  the  liquid  com- 
pound. In  a  dual-temperature  process,  the  ratio 
of  the  separation  factor  at  the  low  temperature  to 
that  at  the  high  temperature  is  an  index  of  the 
ease  of  separation ;  the  more  this  ratio  departs  from 
unity,  the  smaller  the  number  of  stages  required  and 
the  smaller  the  total  flow  rate  and  heat  requirement. 
The  ratio  of  these  factors  at  25°  and  100°  C  is 
given  in  the  next-to-the-last  column,  and  the  reac- 
tions have  been  arranged  in  the  order  of  increasing 
values  of  this  ratio. 

The  first  five  of  these  reactions  proceed  rapidly 
in  the  liquid  phase  without  catalysis.  The  ammonia- 
water  reaction  is  the  only  one  that  does  not  present 
corrosion  problems,  but  this  has  too  poor  a  separa- 
tion-factor ratio  to  be  useful.  The  H2S-water  reac- 
tion has  a  ratio  high  enough  for  an  operable  process, 
but  the  solutions  are  corrosive.  Each  of  the  three 
halogen  acid-water  systems  is  very  corrosive,  and 
forms  a  constant  boiling  mixture  which  complicates 
design  of  a  dual-temperature  process. 

The  two  best  reactions,  from  the  standpoint  of 
separation- factor  ratios,  are  ammonia-hydrogen  and 
water-hydrogen.  Neither  system  is  corrosive.  Un- 
fortunately, both  require  catalysis. 

Dual-temperature  processes  based  on  one  or  more 
of  these  reactions  have  been  studied  by  the  Manhat- 
tan District,20  in  the  USA,  and  by  Geib6  of  I.  G. 
Farben  in  Germany.  Geib  proposed  use  of  II2S- 
water  in  the  dual-temperature  tower  system  shown 
in  Fig.  20,  operation  at  10  atm.  Natural  liquid  water 
feed  is  enriched  in  deuterium  by  flow  counter  to  H2S 
vapor  through  the  cold  tower,  at  25°C.  A  portion  of 
the  enriched  water  leaving  the  cold  tower  is  with- 
drawn as  product,  and  the  remainder  is  set  through 
the  hot  tower  at  100°  C.  Here  the  water  is  stripped 
of  deuterium  by  counter-flowing  H2S  vapor  re- 
cycled from  the  top  of  the  hot  tower ;  this  is  possible 
because  the  separation  factor  for  transfer  of  deute- 
rium from  H2S  to  water  is  less  favorable  in  the 
hot  tower  than  in  the  cold. 


Table  XIII.     Separation  Factors  in  Liquid-Vapor  Deuterium  Exchange  Reactions 


Re  act  ants 

Products 

Separation  factor  (ct) 

Ratio 

Q.H/&100 

Ref. 

Liq. 

Gas 

Liq. 

Gas                a/K 

o»C 

**•€ 

100*C 

UPC 

*£7»C 

HoO 

+  NH2D  s±  HDO     4-  NHo             % 

1.02 

1.00 

0.99 



0.98 

1.01 

13 

H?O 

+  HDS 

?±HDO 

+ 

H2S              1 

2.52 

2.34 

1.92 

— 

1.22 

6 

H?O 

+  DC1 

?±HDO 

+ 

HC1                 % 

2.87 

2.51 

1.98* 

1.87 

1.59 

1.27 

13,28 

H«O 

+  DBr 

^HDO 

+ 

HBr             % 

3.57 

3.07 

•  2.34* 

2.17 

1.79 

1.31 

13,28 

H20 

+  DI 

5±  HDO 

_^_ 

HI                      J/2 

4.55 

3.80 

2.78* 

2.56 

2.05 

1.37 

18,23 

NHftt 

+  HD 

5±  NH2Dt 

+ 

Ho                       % 

4.56 

3.88 

2.73 

— 

— 

1.42 

18 

H2O 

+  HD 

5±HDO 

+ 

H2                1 

4.69 

3.87 

2.69 

2.47 

1.94 

1.44 

13.23 

*  Interpolated  from  reference  23. 
fGas  phase. 
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Heat  exchangers  make  possible  recovery  of  some 
of  the  heat  contained  in  streams  leaving  the  hot 
tower.  Because  the  exchange  reaction  in  this  system 
proceeds  without  catalysis,  it  should  be  possible  to 
use  ordinary  bubble-plate  towers. 

The  principle  of  this  process  is  illustrated  further 
by  the  McCabe-Thiele  diagram,  Fig.  21.  The  spread 
between  the  equilibrium  lines,  at  25 °C  and  100°  C, 
is  what  makes  separation  possible.  The  slope  of  the 
operating  line  in  the  cold  tower  is  F/S,  the  ratio 
of  water  feed  rate  to  H2S  gas  flow  rate.  The  slope 
of  the  operating  line  in  the  hot  tower  is  (F-P)/S, 
the  ratio  of  water  waste  rate  to  H2S  gas  flow  rate; 
this  is  less  than  in  the  cold  tower.  Since  the  deute- 
rium content  of  water  between  the  two  columns 
(xp)  and  of  H2S  between  the  two  columns  (yP) 
is  the  same  in  each,  both  operating  lines  end  at  a 
common  point  at  the  top  right.  Since  the  deuterium 
content  of  H2S  leaving  the  top  of  the  cold  tower 
(y*0  is  the  same  as  that  entering  the  bottom  of  the 
hot  tower,  the  left  end  of  both  lines  is  at  the  same 
value  of  y.  The  number  of  plates  in  each  tower  de- 
termines the  level  of  these  lines,  and  from  them  the 
deuterium  content  of  waste  (*w)  and  product  (.t>). 

As  the  number  of  plates  is  increased,  the  deute- 
rium content  of  product  can  be  increased  to  any 
desired  degree.  Thus,  in  this  type  of  dual-tempera- 
ture process,  unlike  Fig.  19,  it  would  be  possible  to 
obtain  full  separation  in  a  single  stage.  In  practice, 
if  a  high  degree  of  enrichment  were  desired,  a  ser- 
ies of  pairs  of  hot  and  cold  towers  of  decreasing 
size  would  be  used,  to  reduce  tower  costs  and  holdup. 

As  the  number  of  plates  is  increased,  the  lower 
ends  of  each  operating  line  approach  the  correspond- 
ing equilibrium  line.  The  maximum  spread  between 
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Figure  21.  McCabe-Thiele  diagram  for  dual-temperature 
steam-HaS  exchange  process 

xw  arid  XP  occurs  with  an  infinite  number  of  plates, 
at  which 


(7.14) 


since  both  points  are  on  the  same  horizontal  line. 

When  XP  >  <  xFt  some  simple  relations  hold.  The 
fractional  recover  of  deuterium  from  feed  is 


=  0.18        (7.15) 


The  minimum  ratio  of  feed  water  to  product  D2O 
is 

!/(**>  -*w)  =  1/0.18  *F  =  37,300      (7.16) 

The  slope  of  both  operating  lines  becomes  nearly 
equal,  and  must  lie  between  the  slopes  of  the  equi- 
librium lines: 

~—  >  F/S  e*  (F  -  P)/S  >  —       (7.17) 

a!00  a25 

Thus  the  minimum  ratio  of  H2S  to  feed  is 

(S/F)mt»  =  «ioo  =  1.92  (7.18) 

and  the  minimum  ratio  of  H2S  to  product  D2O  is 


1.92  X  37,300  =  71,600 


(7.19) 


Figure  20.  Dual-temperature  steam-HaS  exchange  process 


Although  these  flows  are  large,  they  are  smaller 
than  in  the  water-distillation  process,  or  in  the 
steam-hydrogen  process  of  Fig.  18,  so  the  plant 
should  be  smaller  and  less  costly.  Because  of  these 
large  flow  rates,  efficient  heat  exchange  is  needed 
in  a  dual-temperature  plant. 

The  dual-temperature  water-H2S  process  was  con- 
sidered by  the  Manhattan  District  in  1943,  but  no 
plant  was  built  at  that  time  because  of  anticipated 
corrosion  difficulties.  The  process  is  now  being  used 
in  the  heavy- water  plants  of  the  U.S.  Atomic  Energy 
Commission,  where  the  primary  concentration  of 
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deuterium  is  effected  by  this  means.  Heavy  water 
is  offered  for  sale  at  a  price  of  $28  per  pound. 

A  dual-temperature  system  using  water,  recycle 
ammonia  and  recycle  hydrogen  was  also  considered 
by  the  Manhattan  District,  but  the  absence  of  a 
catalyst  for  exchange  between  ammonia  and  hydro- 
gen made  the  process  too  complex  to  be  of  interest. 
Subsequently,  however,  it  has  been  found4  that 
potassium  amide,  dissolved  in  liquid  ammonia, 
catalyzed  this  reaction.  This  reopens  the  possibility 
of  using  the  dual-temperature  ammonia-hydrogen 
process.  To  free  the  plant  from  dependence  on  fresh 
ammonia  or  fresh  hydrogen  as  a  source  of  deute- 
rium, depleted  ammonia  from  the  dual-temperature 
process  could  be  run  counter  to  fresh  water  in  a 
water-ammonia  exchange  column,  to  re-enrich  the 
ammonia  in  deuterium  for  recycle  to  the  dual-tem- 
perature system. 

If  a  practicable,  liquid-phase  catalyst  could  be 
found  for  the  hydrogen-water  exchange  reaction, 
this  system  would  provide  the  best  dual-temperature 
process  of  all. 

8.     SUMMARY  AND  CONCLUSIONS 

The  most  suitable  process  for  production  of  deu- 
terium in  a  particular  situation  will  depend  on  the 
rate  of  production  required  and  on  availability  of 
low-cost  energy  sources  or  favorable  feed  situations. 

Unless  at  least  several  tons  per  year  of  heavy 
water  are  to  be  produced  for  a  period  of  ten  years 
or  more,  it  would  not  pay  to  build  and  operate  a 
heavy-water  plant ;  the  cost  of  producing  on  a  small 
scale  or  for  a  short  time  is  much  higher  than  for 
the  large-scale,  long-term  producer. 


Where  ammonia  synthesis  gas  or  water  gas  con- 
taining at  least  20-million  cubic  feet  of  hydrogen 
per  day  is  being  produced,  the  hydrogen-distillation 
process  has  promise  of  producing  heavy  water  at 
lower  cost  than  any  of  the  other  processes.  This  is 
particularly  true  of  gas  for  ammonia  synthesis  puri- 
fied by  washing  out  impurities  with  liquid  nitrogen. 
Where  heat  is  very  cheap,  and  there  is  a  market  for 
large  blocks  of  electric  power,  distilfation  of  water 
using  low-pressure  exhaust  steam  from  a  power 
plant  has  possible  application. 

Where  electrolytic  hydrogen  can  be  produced  for 
50  cents  per  thousand  cubic  feet  or  less,  the  elec- 
trolysis of  water  pr  the  steam-hydrogen  exchange 
process  used  at  Trail  have  possible  application. 

In  all  of  these  processes,  heavy  water  is  the  by- 
product of  another  operation  which  carries  the  major 
part  of  the  costs;  these  by-product  processes  have 
an  economic  advantage  over  single-purpose  processes 
whose  sole  product  is  heavy  water.  However,  since 
the  heavy-water  production  rate  of  by-product  proc- 
esses is  limited  by  the  rate  at  which  the  main  product 
is  made,  none  of  these  by-product  processes  will 
produce  enough  heavy  water  for  a  large  nuclear 
power  industry.  For  production  of  heavy  water  at 
rates  in  excess  of  40  tons  per  year,  single-purpose 
processes  are  required,  of  which  the  following  merit 
consideration :  ( 1 )  distillation  of  water,  using  vapor 
recompression  to  reboil  tower  bottoms;  (2)  distilla- 
tion of  hydrogen  supplied  with  deuterium  by  ex- 
change with  steam  at  high  temperature;  (3)  ex- 
change between  steam  and  hydrogen  sulfide  at  two 
temperatures ;  and  (4)  exchange  between  steam  and 
hydrogen  at  two  temperatures. 


Table  XIV.     By-product  Heavy-Water  Processes 


Process 

Distillation 
of  ammonia 
synthesis  gas 

Distillation  of 
water  with 
low-pressure 
by-product 
steam 

Electrolysis 
of 
water 

Electrolysis  of 
water  plus 
exchange  of 
hydrogen  with 
steam 

Main   product  made   per 
pound   D2O 
Separation  factor 
Deuterium  recovery 
Moles  vapor  processed  per 
mole  D2O  produced 
Energy  input  per  pound  D2O 

H2:162  MCF* 
or  NHa:2.2T 
1.39 
86% 
34,700 

1690  kwh 

10,800  kwh 

1.05 
3.9% 
198,000 

178,000  Ib 
22  psia  steam 

H2:390MCFor 
NH8:5.2T 
7 
33% 
21,400 

57,800  kwh 

H2:224  MCF 
or"NH,:3.OT 
7,2.8 
61% 
18,200 

31,800  kwh 

Unit  costs 

Plant,  $/lb  D2O/yr 
Operation,  $/lb  D2O 
Total,  plant  charged  at  5%/ 
yr,  $/lb  D20 
Cost  assumptions 


Engineering  problems 


170 
16 
24 

Nat.  gas  at 


Handling  large 
amounts  of 
liquid  H2 


155 
34 

42 

High  press,  steam 
at  401  1000  Ib 

None 


?  178 

?  38 

?  47 

H2  made  for  50*/  — 
MCF 

Development   of  electrolytic   cell    with 
high  separation    factor 


*  MCF  stands  for  1000  ft.8  of  gas  at  60°F  and  1  atm. 
t  T  stands  for  one  short  ton,  2000  Ib. 
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8.1     By-product  Processes 

Table  XIV  summarizes  information  on  the  four 
by-product  processes  which  have  been  described  in 
this  paper.  To  provide  a  common  basis  for  cost 
comparisons  a  total  cost  for  each  process  has  been 
computed  from  the  unit  operating  cost  and  the  unit 
plant  cost,  with  changes  against  plant  investment  at 
5%/yr  as  is  illustrative  of  a  government-financed 
venture. 

Except  for  the  electrolysis  of  water,  the  distilla- 
tion of  ammonia  synthesis  gas  has  the  lowest  operat- 
ing cost  of  all  the  processes  listed,  $16  per  pound, 
and  the  lowest  total  cost,  $24  per  pound.  Its  energy 
demand  is  by  far  the  lowest,  1690  kwh  per  pound, 
and  the  unit  investment  cost  is  of  the  same  order 
as  the  other  processes.  It  realizes  these  advantages, 
however,  only  in  large-size  plants,  handling  20- 
million  cubic  feet  of  hydrogen  per  day  or  more. 
However,  operating  conditions  are  extreme,  and 
handling  of  liquid  hydrogen  on  so  large  a  scale  is 
without  precedent.  Nevertheless,  it  is  believed  that 
the  low-temperature  engineering  problems  can  be 
solved,  and  that  this  process  represents  the  cheapest 
way  of  producing  deuterium  at  rates  of  from  20  to 
40  tons  of  heavy  water  per  year.  The  upper  limit 
is  set  by  the  maximum  hydrogen-productive  capacity 
now  available  at  any  one  place. 

Distillation  of  water  using  by-product,  low-pres- 
sure exhaust  steam  can  be  practiced  wherever  fuel 
is  cheap  and  where  there  is  need  for  a  large  block  of 
electric  power.  Although  the  cost  is  higher  than  in 
hydrogen  distillation,  operating  conditions  are  mild, 
and  there  are  no  novel  engineering  problems.  A 
100,000-kw  steam-power  plant  which  made  its  steam 
for  40  cents  per  thousand  pounds  would  produce  40 
tons  of  heavy  water  per  year  at  a  total  cost  of 
around  $50  per  pound.  There  is  a  possibility  of 
reducing  the  cost  by  developing  even  better  tower 
internals  than  Spraypak. 

At  the  few  places  in  the  world  where  electrolytic 
hydrogen  can  be  made  for  50  cents  per  thousand 


cubic  feet  or  less,  by-product  production  of  heavy 
water  is  economically  sound.  The  sacrifice  in  hydro- 
gen production  incurred  to  make  heavy  water  need 
not  contribute  more  than  $13  per  pound  to  the  cost 
of  heavy  water,  though  the  need  for  efficient  con- 
densers to  recover  partially  enriched  water  from 
hydrogen  and  oxygen,  and  the  complications  of 
connecting  cells  in  series  cascade  would  add  some- 
thing to  the  cost.  The  amount  of  heavy  water  that 
can  be  made  this  way  is  small,  however.  Even  if  the 
separation  factor  could  be  increased  to  7,  at  a  large 
plant  making  500,000  ft3  of  hydrogen  per  hour  only 
5  tons  of  heavy  water  per  year  could  be  made  by 
electrolysis  alone. 

Addition  of  steam-hydrogen  exchange  facilities 
to  an  electrolytic  heavy-water  plant  would  almost 
double  the  amount  of  heavy  water  which  might  be 
recovered,  though  apparently  not  without  an  increase 
in  cost.  This  process,  too,  is  of  limited  applicability 
so  long  as  it  is  dependent  on  electrolytic  hydrogen. 
If  a  catalyst  which  would  not  be  poisoned  by  am- 
monia synthesis  gas  or  other  abundant  hydrogen-rich 
gases  could  be  developed,  the  steam-hydrogen  ex- 
change process  would  become  much  more  attractive. 
Larger  volumes  of  hydrogen  would  be  available  for 
processing,  and  unit  costs  could  be  reduced. 

8.2     Single-Purpose  Processes 

None  of  the  by-product  processes  will  produce 
enough  heavy  water  to  fill  many  power  reactors, 
which  typically  need  a  charge  of  0.5  to  1  ton  of 
heavy  water  per  megawatt  of  electric  output.  For 
a  large  nuclear  power  industry,  it  will  therefore  be 
necessary  to  call  on  one  or  more  of  the  single-pur- 
pose processes.  Table  XV  summarizes  information 
on  four  of  the  more  promising  of  these  processes 
which  can  be  derived  from  the  cases  studied  in  this 
paper. 

These  processes  have  not  been  considered  as  fully 
as  the  by-product  processes,  and  information  on 
them  is  either  a  crude  estimate  or  a  theoretical  limit. 


Table  XV.     Single-Purpose  Heavy-Water  Processes 


Process 

Distillation  of 
hydrogen  fed 
deuterium  by 
exchange 
with  steam 

Distillation  of 
water  with 
vapor 
recompression 

Dual-temperature 
H2S-tt><iffr 
exchange 

Dual-temperature 
steam-hydrogen 
exchange 
(Single  hot  con- 
tact per  stage) 

Separation  factor 
Deuterium  recovery 
Moles  vapor  processed 
per  mole  D2O  produced 
Energy  input 
per  pound  D2O 

1.39 
13% 

108,000 
-2300  kwh, 

1.05 
3.9% 

198,000 
-10,000  kwh 

1.22 
<18% 

>72,000 
small 

<2.1S 
<32% 

>203,000 
>2230  kwh 

Engineering  problems 


plus   heat    for 
exchange  system 

Handling  large 
amounts  of  liquid 
hydrogen ;  preven- 
tion of  steam-hy- 
drogen reaction  in 
heat  exchanger 


None 


Corrosion  Prevention  of  steam- 

hydrogen  reaction  in 
heat  exchanger 
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Consequently,  no  cost  data  are  included  in  Table  XI. 
All  of  these  processes  use  water  as  primary  feed, 
and  hence  are  unlimited  in  potential  capacity. 

Production  of  deuterium  by  distillation  of  hydro- 
gen supplied  with  deuterium  through  exchange  with 
steam  will  cost  more  than  distillation  of  ammonia 
synthesis  gas.  The  addition  of  high-temperature 
exchange  equipment  adds  to  the  cost  of  the  plant. 
Hydrogen  entering  the  low-temperature  plant  will 
carry  only  around  0.01%  D  instead  of  the  0.0136% 
D  in  ammonia  synthesis  gas;  for  a  given  product 
rate,  the  low-temperature  plant  is  therefore  bigger, 
and  its  power  demand  is  greater.  Heat  must  also 
be  provided  for  the  exchange  system. 

Distillation  of  water  with  vapor  recompression 
will  cost  more  than  with  low-pressure  by-product 
steam,  because  of  the  additional  investment  in  com- 
pressors and  the  need  to  supply  energy  as  work 
rather  than  as  low-level  heat.  The  power  demand 
of  around  10,000  kwh  per  pound  of  heavy  water 
practically  rules  this  process  out,  unless  tower 
packing  with  lower  pressure  drop  per  theoretical 
plate  can  be  developed. 

The  dual-temperature  H2S-watcr  exchange  pro- 
cess has  the  advantages  of  smaller  amounts  of  gas 
to  be  handled  and  lower  energy  demand  than  distilla- 
tion of  water,  but  corrosion  is  a  problem.  Where 
high  production  rates  arc  wanted,  this  is  a  depen- 
dable, low-cost  process. 

The  form  of  the  dual-temperature  steam-hydrogen 
exchange  process  examined  in  Section  7,  with  only 
one  equilibrium  contact  per  stage  at  high  tempera- 
ture, appears  to  use  too  much  plant  for  low-cost 
production,  even  though  its  energy  demand  is  very 
low.  Alternative  schemes  using  simpler  equipment 
at  the  expense  of  greater  energy  consumption  might 
make  this  process  look  more  favorable.  Development 
of  a  cheap  catalyst  for  this  reaction  which  would 
permit  use  of  conventional  absorption  towers  would 
completely  change  the  picture  for  this  process  and 
would  make  the  dual-temperature,  steam-hydrogen 
exchange  process  the  most  economic  of  all  the  single- 
purpose  heavy-water  processes. 
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The  Design  of  Isotope  Separation  Plants: 

Some  Basic  Design 

Equations  for  the  Distillation  Process 

By  I.  Dostrovsky  and  Y.  Lehrer,*  Israel 


Various  countercurrent  processes  have  been  used 
for  the  separation  of  isotopes.  Starting  from  the 
simple  differential  equations  which  describe  such 
processes  it  is  possible  to  develop  a  complete  mathe- 
matical analysis  of  practical  plants.  Several  such 
analyses  have  already  been  reported.1  3 

In  the  present  paper  the  solutions  of  the  differential 
equations  are  presented  in  a  form  which  is  particu- 
larly useful  in  the  design  of  plants  for  the  produc- 
tion of  heavy  water  by  fractional  distillation. 

Starting  with  the  basic  differential  equations  for 
the  steady  state--3 


dN 
L 

dz 


For  dilute  range.      ( 1  ) 


dn 

+  kA(N  -an)  =0 

ds 

where  L,  I  are  flow  rates  of  liquid  and  vapour,  a  is 
the  unit  process  separation  factor  defined  here  from 
the  equation:  N/(  1  —  AT)  =att/(l  —  n),  and  k  is 
an  isotope-transfer  coefficient  defined  as  quantity  per 
unit  time  per  unit  volume  of  packing. 

and  dividing  by  L  and  /  and  substituting  the  variable 
C  =  £/Z  we  obtain : 


dN      kAZ 


dN 

__ 


L 
kAZ 

__ 


(2) 


These  equations  may  be  solved  readily  to  give : 
d(N  —  an) 


—  an) 


(3) 


where 


kAZ  («L  —  1) 


W 
_ 

L 


L  — 


and  hence  : 

#  (W  - 


(4) 


-**(!) 


—  «w(0) 

Further  development  can  only  be  made  by  reference 
to  the  boundary  conditions. 

Consider  any  cascade  of  which  the  unit  under 
discussion  is  a  part,  such  as  Fig.  1. 

Considering  the  material  balance  : 

L8  -/.  =  P 


L9N.(1)  -l. 

Equation  4  takes  the  form  : 


*       «-!VQ, 


(5) 


(6) 


«-  1 


Since  eQ  must  always  be  greater  than  1  (i.e.,  O  >  0), 


-  1 


we  define 


a-  1 


(7) 


This  equation  gives  us  immediately  the  minimum 
flow  required  in  each  stage  of  a  cascade  (for  infinite 
efficiency  of  the  stage).  The  same  result  may  be 
obtained  directly  from  considerations  of  mass  balance. 
Since  the  smallest  value  of  w(0)  is  Ar(0)/« 


(/  +  P)  N0  —  w(0)  =  PNP 
N(0)/a  ^  n(0)  <  tf  (0) 


we  have  : 
and  since 


maximum  isotope  transport  occurs  when  w(0) 
=  Af(0)/«  and,  therefore,  the  value  of  /  is  then  at 
a  minimum,  and  is  given  by 


1 
f  —  1 


*The    Weizmann    Institute    of    Science,    Rehovoth,    and  ,  _  ,      .       ,  .     _          .        ._ 

Israel  Atomic  Energy  Commission,  Tel-Aviv.  the  same  result  as  was  obtained  in  Equation  7. 
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Equation  10  may  be  expressed  as  : 

aP 

T7  —   _          __^____   7"  7 Y        ^") 

A  /  ^ i  \  ~2 

where 


-i)]  (11) 


Substituting  this  value  of  /,mm  in  Equation  6  and 

/ 
ntroducing  ls  = we  obtain : 


Ml -^7°'] 


1  =  In  - 


/  __  l 


•     r   r  , 


Ua  - 


-  Q. 


L,       L,  —  I, 


-In- 


/,  —  1 


(10) 


,-1)72 


•In- 


,—  1 


Equation  11  describes  equally  well  stripping 
cascades  (Q  <  1)  provided  production  is  taken  as  a 
negative  quantity.  This  equation  permits  us  to  calcu- 
late the  volume  of  packing  needed  in  each  stage  of 
a  cascade  once  the  final  enrichment  has  been  de- 
termined. The  function  U(a,Qp,Qa/lg)  is  almost 
independent  of  a  and,  therefore,  the  function 
U(l,Qp,Q*/la)  may  be  used.  This  function  plotted 
against  L  is  shown  in  Figs.  2  and  3. 

The  plot  has  a  definite  minimum,  giving  the  least 
amount  of  packing  required  for  the  operation.  The 
minimum  occurs  at  values  of  7*  between  1.2-1.4; 
the  plot  of  L  for  minimum  volume  as  a  function 
of  Qp  is  shown  in  Fig.  4.  It  is  seen  that  for  Q  greater 
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where  TJ  ~~  PNp/L0No  is  also  shown.  It  is  seen  that 

IF 

not  much  is  gained  by  using  cascade  elements  of 
enrichment  factor  less  than  2.  Since  interstage  coupl- 
ing represents  also  a  considerable  cost  and  energv 
item,  a  balance  has  to  be  made  between  number  of 
stages  and  total  volume.  It  is  likely  that  the  choice 
will  be  for  a  stage  gain  of  4—6. 

.  _—  v- 

p                         The  strong  dependence  of  the  volume  on  (  a  —  1  ) 
is  emphasized  in  Equation  11. 
For  actual  design  problems  it  is  useful  to  tabulate 
the  function  U  for  various  possible  parameters.  In 
v^  —  —  clps2J(l"2             Tables  I  and  II  are  given  minimal  values  of  U  (as 

•r4 
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Figure  3 


,     n 

1.9 


lmin 


than  about  4,  lmin  does  not  change  much.  For  rapid 
calculation  one  can  choose  a  value  of  /  of  1.25.  The 
actual  flow  through  each  stage  can  then  be  rapidly 
calculated.  It  should  be  emphasized  that  in  any  actual 
design  we  are  interested  in  the  part  of  the  curve 
to  the  left  of  the  minimum.  To  the  right  of  this 
point  both  investment  and  energy  increase.  To  the 
left  of  the  minimum  investment  in  column  is  in- 
creased while  investment  in  heat-transfer  elements 
and  energy  consumption  decrease.  We  may  set  up 
an  equation  representing  cost  of  product  as  follows : 

Cost  =  aV  +  bL  +  cL 

The  first  term  represents  the  part  of  the  cost  due 
to  investment  in  packing.  The  second  term  represents 
the  part  due  to  investment  in  heat-transfer  com- 
ponents (boilers,  condensers,  etc.),  while  the  third 
term  represents  energy  expenditure  per  unit  product. 
Curves  may  be  drawn  of  this  equation  using  various 
values  of  the  coefficients  a,  bf  c  and  the  minimum 
will  determine  the  optimal  design.  In  general,  the 
minimum  of  this  curve  will  be  somewhat  to  the  left 
of  the  minimum  in  the  plot  of  volume  against  flow. 

The  volume  of  the  whole  cascade  may  be  obtained 
by  summation  of  the  minimum  volumes  of  the  in- 
dividual stages.  The  dependence  of  this  total  volume 
upon  the  number  of  stages  is  shown  in  Fig.  5.  The 
volume  of  the  ideal  cascade  calculated  from  the 
equation : 
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function  of)  and  the  corresponding  values  of 
Q>  (Q«—  1),  and  n0  'Goo  is  the  enrichment  which 
would  be  obtained  under  the  same  condition  in  an 
infinitely  efficient  column  and  is  given  by  r 


QO  is  the  value  which 
and  is  given  by  : 


takes  with  no  production 


L 

The  way  in  which  these  tables  have  been  constructed 
is  described  in  the  appendix.  The  upper  entry  in 
each  space  refers  to  «  =  1.0  and  the  lower  refers  to 
«  =  1 .05.  It  is  seen  that  for  most  values  of  variations 
in  «  may  be  neglected.  This,  of  course,  is  the  reason 

Table  I 


n 

°«-' 

Q 

U 

lmin 

«0 

2 

1.19 

1.89 

1.20 

1.34 

1.08 

1.28 

1.94 

1.49 

1.36 

1.16 

2.5 

2.47 

2.89 

4.37 

1.30 

1.77 

2.54 

2.93 

4.65 

1.31 

1.83 

3 

4.36 

4.40 

10.63 

1.28 

2.44 

4.51 

4.50 

11.11 

1.29 

2.46 

3.5 

7.17 

6.71 

22.02 

1.26 

3.07 

7.22 

6.78 

22.35 

1.25 

3.09 

4 

9.90 

9.22 

35.96 

1.21 

3.63 

9.96 

9.27 

36.38 

1.21 

3.65 

5 

27.48 

24.03 

132.6 

1.19 

4.82 

27.53 

24.07 

133.1 

1.19 

4.83 

5.5 

42.30 

36.91 

227.3 

1.18 

5.37 

42.35 

36.95 

227.8 

1.18 

5.37 

6 

65.06 

56.89 

384.4 

1.16 

5.90 

65.11 

56.94 

385 

1.16 

5.91 

6.5 

100.16 

87.96 

644.6 

1.15 

6.44 

100.21 

88.08 

645.03 

1.15 

6.44 

for  the  choice  of  these  particular  parameters  in  the 
design  equations. 

If  «,  k  are  taken  as  fixed  parameters  there  remain 
Q,  V,  L,  P  as  variables.  The  requirement  of  minimal 
U  limits  the  number  of  free  variables  to  any  two 
of  the  four  listed  above.  There  are,  thus,  six  pos- 
sible combinations  or  six  types  of  problems  which 
may  be  solved.  Some  examples  illustrating  the  use 
of  these  tables  are  given  below. 

1.  A  plant  is  required  to  produce  P  moles  per  day 
at  an  enrichment  Q,  determine  the  minimum  volume 
of  the  packing  and  the  required  flow.  Using  Table 
I  we  read  against  the  given  Q  the  values  of  U  and 
Qoo  —  1.  From  the  value  of  U  the  volume  V  is 
calculated  from  the  equation  V  =  aPU/k(a  —  I)2. 
The  flow  L  is  calculated  from  the  equation 


L  — 


a-  1 

2.  Given  a  certain  available  flow  L,  it  is  desired  to 
determine  that  amount  of  product  at  enrichment  Q, 
which  will  cost  least.  This  problem  may  arise,  for 
instance,  if  a  given  amount  of  waste  heat  has  to  be 
utilised  in  heavy  water  production.  The  requirement 
for  least  cost  means  a  maximum  production  per  unit 
volume  of  packing.  This  condition  is  easily  found 
from  Table  I.  Against  the  entry  of  Q  in  this  table 
we  read  off  values  for  Q»  —  1  and  O0.  From  these 
quantities  the  derived  values  of  V  and  P  are  calcu-, 
lated  using  equations : 


3.  It  is  desired  to  produce  material  at  enrichment 
Q,  given  a  certain  column  of  volume  V.  It  is  required 
to  determine  the  maximum  production  P,  which  is 
possible  and  the  appropriate  flow.  Again  we  read  off 
from  Table  I  values  of  QO  and  U  corresponding  to 
the  given  Q,  and  calculate  P  and  L  from  the  equa- 
tions : 


and 


4.  Given  a  certain  column  of  volume  V  producing 
a  quantity  P  of  enriched  material,  it  is  required  to 
determine  the  maximum  enrichment  possible  and 
the  appropriate  value  of  the  flow  L.  We  find  U 
from  the  formula: 

-i)2 


Using  this  value  in  Table  I  we  read  off  directly  Q. 
From  the  same  table  we  also  read  off  the  value  of 
O0  from  which  we  compute  the  required  flow  as  in 
example  3.  This  problem  has  been  solved  without 
using  the  tables  by  Dostrovsky,  Gillis  and  Vromen.4 
The  other  possible  problem,  where  L  and  P  or  L 
and  V  are  given,  cannot  be  solved  without  setting  an 
additional  economic  value  to  the  product  PQ. 
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Table  II 

A,  since  A  =  L/A  and  hence  Z.    The  use  of  the 

a—I       L 

maximum  flow  density  will  give  columns  of  maxi- 

Q 

_.  X  
a           W 

U 

/ 

ft 

mum  height  and  smallest  diameter.  Any  lower  value 

rain 

*  0 

of  A  will  give  lower  and  wider  columns. 

1 

0.28 

0.80 

0.110 

1.40 

0.4 

This  argument  is  strictly  valid,  of  course,  only 

—  0.5 

0.37 
0.70 
0.72 

0.72 
0.52 
0.49 

0.194 
0.83 
0.75 

1.32 
1.4o 
1.41 

0.5 
1.2 
1.0 

for  ideal  packing  materials  were  k  is  independent 
of  Zt  A  and  «.  Since  for  many  materials  this  is  not 

—0.1 

0.95 

0.37 

1.73 

1.51 

1.8 

the  case,  the  range  of  choice  is  more  limited  and 

0.95 

0.36 

1.72 

1.48 

1.8 

considerable  thought   has   to   be   given   to   the   ap- 

0.5 

1.21 
1.22 

0.21 
0.22 

3.45 
3.24 

1.53 
1.56 

2.9 
2.7 

propriate  dimensioning  of  the  plant. 

1 

1.37 

0.14 

5.00 

1.59 

3.7 

1.38 

0.14 

4.84 

1.60 

3.5 

APPENDIX 

2 

1.57 

0.054 

8.66 

1.6(i 

5.5 

1.58 

0.054 

8.33 

1.67 

5.3 

Another  form  of  Equation  11  is: 

3 

1.68 

0.021 

12.4 

1.72 

7.4 

1.70 

0.021 

12.0 

1.73 

7.1 

o  -        Q* 

4 

1.75 

0.008 

10.3 

176 

9.3 

i  4-  in    _  i  \ 

1.77 

0.008 

15.8 

1.77 

8.9 

1      1      v  V/  oo           A  / 

5 

1.80 
1.82 

0.003 
0.003 

20.3 
19.7 

1.81 
1.82 

11.3 
10.8 

where         n  =  UQf/(Q  -  1)  (<*QX  -  1) 

bt/(~           1\2 

The  design  of  a  column  having  both  stripping  and 
enriching  sections  can  also  be  made  readily  using 
Tables  I  and  II  and  Fig.  2.  If  the  feed  is  liquid  at 
the  boiling  point  the  flow  of  vapour  in  both  sections 
is  equal.  The  products  at  both  end  are  given 
terms  of  the  feed  F,  by : 

n    i-e«  . 


and-'4 


a—  1         L 

Or  =  1  4- X  — 

' 


n 


The  requirement  for  maximum  Q  as  a  function 
of  Ox  —  1  when  V  is  kept  constant  leads  to  the 
condition  that  : 


and 


and 


(0.  -  1  r~  - 


where 


-r-|V>-  D/21-  1 


(2.v 


=  0 


a-  1 


If  P,  Wt  Qp  and  Qw  are  given,  we  can  calculate  the 
volumes  and  flows  of  each  separately,  using  Tables  T 
and  II  as  was  done  in  example  1.  However,  it  will  be 
found  that,  in  general,  the  values  of  7  for  the  two 
sections  will  not  be  identical.  Since  /,„,„  is  the  same 
for  the  two  sections,  it  follows  that  we  cannot 
maintain  the  requirement  of  minimum  volume  in 
both  at  the  same  time.  An  actual  solution  can  make 
use  of  a  plot  of  U  against  1  as  in  Fig.  2  to  determine 
the  best  combination  of  7  and  the  sum  of  the  volumes. 
Once  the  volume  of  the  column  has  been  fixed,  it 
is  possible  to  proceed  with  the  determination  of  the 
height  and  diameter  of  the  apparatus.  Since  V  =  Z 
X  A ,  when  A  is  the  cross  sectional  area  of  the  column 
and  Z  its  height,  a  considerable  latitude  in  the 
proportionating  of  the  column  exists.  The  range  of 
variation  of  A  is  limited  on  the  lower  side  by  the 
maximum  permissible  flow  density  A.  This  is  a 
characteristic  of  the  packing  material  used.  In  any 
design  we  may  choose  any  flow  density,  up  to  the 
maximum  possible,  and  this  choice  will  determine 


Tables  I  and  II  were  constructed  by  taking  values 

for  11  and  calculating  ,v  and  then,  from  the  quadratic 

equation,   (Q*-—  1).  These  values  were  entered  in 

the  second  column  of  the  tables.    (For  the  case  of 

a  -I  L 

O  <  1,  ----  X  —     was     entered).     The     value 

a  ir 

of  O,  U  were  then  calculated  from  (Q*>  —  1)  and  O, 
and  entered  in  the  third  column  and  fourth  columns. 
Imm  was  computed  from  the  equation  : 


and  entered  in  the  fifth  column. 

Finally    Oo    was   computed    from    values   of    U/ 
(0,  —  1")  and  entered  in  the  sixth  column. 
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Final  Concentration  of  Heavy  Water  by  Rectification. 


By  P.  Baertschi  and  W.  Kuhn,*  Switzerland 


During  the  past  years  we  have  developed  rectify- 
ing columns  by  which  solutions  of  heavy  water  with 
any  D2O  content  can  be  concentrated  to  pure  DaO 
in  continuous  operation  and  on  a  technical  scale. 
This  process  is,  for  various  economical  reasons, 
advantageous  as  soon  as  the  initial  Dj»O  concentra- 
tion exceeds  some  tenths  of  a  per  cent,  and  it  be- 
comes very  efficient  for  final  concentration  up  from 
about  \%. 

The  flow  of  water  (liter)  and  the  energy  (kwh) 
which  are  necessary  to  produce  1  kg  of  pure  D2O  in 
any  kind  of  rectifying  column  if  no  steam  recompres- 
sion  is  applied  are  given  in  Fig.  1  as  functions  of 
the  initial  D2O  concentration  for  distillation  tempera- 
tures of  50°  and  100°C  respectively  (curves  T). 
The  required  number  of  theoretical  plates  (for  total 
reflux)  in  order  to  reach  a  final  concentration  of 
99.8%  D2O  is  represented  for  50°C  and  100°C 
respectively  by  the  curves  II. 

According  to  Fig.  1  it  is  in  principle  favourable 
to  distill  at  low  temperature  and  pressure  in  order 
to  diminish  the  column  size  and  the  consumption 
of  energy.  On  the  other  hand,  steam  recompression 
is  more  favourable  at  high  pressures,  and  therefore 
an  intermediate  distillation  pressure  should  be  chosen 
in  this  case.  By  the  use  of  steam  recompression  the 
energy  consumption  can  be  diminished  to  a  small 
fraction  of  the  figures  given  by  curve  T  in  Fig.  1, 
provided  that  the  pressure  drop  in  the  rectifying 
column  is  low. 

DEVELOPMENT  OF   HIGHLY   EFFICIENT   RECTIFYING 
COLUMNS 

The  development  of  certain  type  of  rectifying 
columns  featuring  very  high  separation  efficiency 
(low  HETP)  was  started  by  Kuhn1  in  1940.  The 
basic  principle  of  the  Kuhn  column  consists  in  a. 
multiplicity  of  narrow,  parallel-working  fractionat- 
ing tubes  with  individual  reflux  and  including  means 
by  which  the  desired  reflux  ratio  can  be  maintained 
constant  and  equal  over  all  the  tubes.  Thus,  the  sep- 
aration efficiency  of  the  whole  column  is  exactly 
as  high  as  that  of  a  single  fractionating  tube,  whereas 
the  production  capacity  is  proportional  to  the  num- 
ber of  tubes  in  the  column.  This  principle  therefore 
allows  the  reliable  design  and  construction  of  large 
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columns  with  high  separating  power  on  the  basis  of 
the  performance  data  of  one  single  tube. 

Since  1945  we  have  been  studying  the  possibilities 
of  applying  the  Kuhn  column  to  the  separation  of 
the  water  isotopes. 

The  preliminary  experiments  with  narrow  empty 
tubes  (corresponding  to  the  original  type  of  the 
Kuhn  column)  have  not  been  very  successful  because 
the  low  HETP  calculated  from  the  theory  of  Kuhn1 
could  not  be  reached  by  far  in  the  case  of  water. 
This  discrepancy  was  most  probably  caused  by  the 
bad  wetting  power  of  water  which  prevented  the 
formation  of  a  uniform,  thin  film  in  the  tubes.  Al- 
though DaO  enrichment  factors  of  20  per  meter 
and  very  low  pressure  drops  could  be  achieved,  the 
empty-tube  column  was  considered  to  be  much  too 
expensive  and  too  delicate  for  any  large  scale  en- 
richment of  D2O.  It  should,  however,  be  emphasized 
that  the  empty-tube  column  yielded  the  theoretically 
expected  very  high  separating  power  in  the  case  of 
organic  mixtures. 

Much  more  promising  results  were  obtained  with 
packed  fractionating  tubes.  It  is  a  well  known  fact 
that  packed  fractionating  tubes  lose  separating  power 
with  increasing  diameter  due  to  the  increasing  proba- 
bility of  non-uniform  liquid  and  vapour  distribution. 
This  loss  of  separating  power  can,  of  course,  be 
completely  avoided  by  applying  the  principle  of  the 
Kuhn  column. 

For  a  proper  specific  throughput  of  some  100  ml 
per  hour  per  cm2,  the  best  separating  efficiency  of 
about  50-60  theoretical  plates  per  meter  was  ob- 
tained in  tubes  of  a  few  cm  diameter  and  with 
highly  wettable  packings,  like  wire-gauze  rings  and 
different  types  of  helices.  Our  results  on  single 
packed  tubes  were  quite  similar  to  those  obtained 
independently  by  Dostrovsky  et  al? 

In  order  to  investigate  the  possibility  of  continuous 
final  concentration  of  D2O  on  an  industrial  scale  by 
means  of  packed-tube  Kuhn  columns,  a  two-stage 
pilot  plant  was  built,  designed  to  concentrate  D2O 
from  0.1-1%  to  99.8%  with  a  yield  of  at  least  90%. 
The  design  was  based  upon  the  experimental  results 
obtained  for  HETP  and  throughput  in  a  single  frac- 
tionating tube.  The  lengths  of  the  rectifying  and  the 
stripping  sections,  as  well  as  the  proper  reflux  ratios 
at  the  lower  and  upper  end  of  the  column  respec- 
tivelv  were  calculated  by  using  the  relations  derived 
by  Kuhn.8 
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The  pilot  plant  project  was  fully  supported  by  the 
Swiss  Atomic  Energy  Commission  (SKA). 

DESCRIPTION  OF  THE  PILOT  PLANT 

The  first  stage  of  the  pilot  plant  is  shown  schem- 
atically in  Fig.  2. 

The  Kuhn  column  consists  of  a  rectifying  and 
a  stripping  section.  The  feed  water  to  be  concen- 


0,1     .2 


,4    J6  jB  1         2        46810       20      40  60  100 
iniNal  concentration     Mol%  0^  0-*- 


Figure  1.  Flow  and  energy  required  for  the  final  concentration  of 
08O:  Curve  I,  flow  (throughput)  through  column  (liter)  and  energy 
(kwh)  required  to  produce  1  kg  of  pure  DaO  without  steam 
recomprestion;  Curve  II,  required  number  of  theoretical  plates  to 
reach  a  final  concentration  of  99.8%  DaO,  (total  reflux) 
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Figure  2.  Pilot  plant  for  the  final  concentration  of  DaO,  I.  stage 
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Figure  3.  Flow  diagram  and  data  of  the  pilot  plant 
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Figure  4.  Water  rectification  using  steam  recompression 

trated  is  continuously  evaporated  in  the  boiler  (1), 
and  the  steam  is  equally  distributed  by  means  of 
superheated  capillaries  in  (2)  to  the  various  frac- 
tioning  tubes.  The  overhead  water  in  (3)  is  equally 
distributed  by  capillaries  as  reflux  to  the  fractioning 
tubes,  the  flow  beeing  controlled  by  the  pressure 
difference  between  (3)  and  (4)  maintained  by  a 
differential  manostat  (5).  The  lower  part  of  the 
fractionating  tubes  is  superheated  by  steam  enter- 
ing into  the  heating  chamber  (6)  from  the  steam 
generator  (7).  Since  the  distillation  is  carried  out 
under  reduced  pressure,  maintained  by  the  manostat 
(13),  all  the  downflowing  water  is  completely  evapo- 
rated along  the  inner  walls  of  the  fractionating  tubes 
in  the  region  of  (6)  whilst  the  corresponding  amount 
of  heating  steam  is  condensed  at  the  outer  surface 
of  the  tubes.  The  lower  ends  of  the  tubes  are  almost 
closed  by  superheated  capillaries  through  which  the 
proper  small  amount  of  the  enriched  D2O  steam  is 
withdrawn  into  the  common  chamber  (8),  through 
the  flow  control  valve  (9)  and  finally,  after  con- 
densation, into  the  storage  flask  (10).  The  steam 
ascending  in  the  fractionating  tubes  leaves  the  upper 
open  ends  in  (4)  and  is  condensed  completely  in 
(11).  The  stripped  condensate  in  (12)  is  pumped 
back  into  the  container  (3)  from  where  a  certain 
amount  of  feed,  5s  leaving  the  column  by  a  baro- 
metric overflow  (14). 

The  second  stage,  whose  feed  boiler  is  fed  by  the 
D2O  concentrate  in  (10)  is  working  almost  exactly 
in  the  same  way  as  described  for  the  first  stage. 

Some  data  of  construction  and  performance  of 
the  complete  pilot  plant  are  given  in  the  flow  diagram 
Fig.  3. 

The  pilot  plant  was  tested  and  improved  during 


some  20  months  of  operation.  The  separating  power 
was  found  to  remain  constant  and  steady  conditions 
could  easily  be  maintained.  According  to  our  most 
recent  improvements  the  rectification  can  be  per- 
formed completely  automatically  and  need  thus  only 
very  little  supervision.  The  time  to  reach  equilibrium 
is  rather  short  according  to  the  low  holdup  and  was 
found  to  be  about  10  days  for  the  first  stage  and 
about  2  days  for  the  second  stage. 

KUHN  COLUMNS  FOR  LARGE  SCALE  FINAL 
CONCENTRATION  OF  D2O 

The  favourable  results  obtained  with  the  pilot 
plant  suggest  the  application  of  the  Ktthn  column 
to  the  large-scale  final  concentration  of  heavy  water.f 

If  the  initial  concentration  of  D2O  is  low,  the 
energy  consumption  tor  the  final  concentration  will 
be  correspondingly  high,  according  to  Fig.  1.  In 
order  to  lower  the  energy  input  to  large-scale  Kuhn 
columns,  steam  recompression  might  be  applied.  In 
this  case,  which  is  schematically  represented  by 
Fig.  4,  the  steam  leaving  the  column  head  is  con- 
densed as  heating  steam  in  the  heating  chamber  (6) 
after  having  been  brought  to  a  sufficient  high  satura- 
tion pressure  and  temperature  by  means  of  the  com- 
pressor (15).  The  water  condensed  in  (6)  is  pumped 
back  from  the  container  (12)  to  the  head  of  the 
column. 

It  should  be  noted,  that  the  compressor  needs  only 
as  much  energy  as  is  required  to  overcome  the 
resistances  in  the  transfer  of  heat  and  material  in 
the  column.  These  resistances  are  rather  low  in  the 
Kuhn  column,  due  to  the  low  pressure  drop  of  only 
about  0.3  mm  Hg  per  plate  and  to  the  good  heat 
transfer  through  the  fractionating  tubes  in  the  heat- 
ing chamber.  Consequently,  the  application  of  steam 
recompression  is  very  favourable  for  large-scale 
Kuhn  columns  and  diminishes  the  energy  consump- 
tion given  by  Fig.  1  by  a  factor  between  5  and  10 
for  normal  vacuum  operation. 
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Efficiency  of  Some  Catalysts  in  the  Exchange  Reaction 
Between  Heavy  Water  and  Hydrogen 

By  Pavle  Savi£,  Slobodan  Ribnikar  and  Boico  Pavlovk,  Yugoslavia 


The  isotopic  exchange  between  hydrogen  and  water 
was  first  observed  by  Horiuti  and  Polanyi1  and 
Bonhoeffer  and  Rummel,2  while  the  theoretical  inter- 
pretation was  given  by  Libby8  and  Kimball  and 
Stockmayer.4 

The  exchange  reaction  requires  the  aid  of  catalysts 
in  order  to  be  effected  with  a  measurable  velocity. 
There  exist  many  papers  treating  the  subject  of  the 
exchange  between  hydrogen  and  water  on  metal  sur- 
faces. 

In  the  group  of  oxide  and  mixed  catalysts  a 
quick  exchange  between  deuterium  and  water  re- 
tained on  catalytic  materials:  (chromium  trioxide, 
zinc  oxide,  zinc  chromate  and  alumina)  was  observed 
at  higher  temperatures.5  Savic,  Ribnikar  and  Dogra- 
madzi6  found  that  the  exchange  between  water,  steam 
and  hydrogen  on  surfaces  of  nickel  tungstate  at 
11°C  was  respectively  25,  40  and  82  times  greater 
than  the  rate  of  the  exchange  on  zinc  chromate, 
manganese  chromate  and  chromium  trioxide  re- 
spectively. 

Assuming  the  possibility  of  a  similar  behaviour 
of  compounds  which  are  analogous  to  nickel  tung- 
state we  have  examined  the  properties  and  the  cata- 
lytic activity  of  reduced  tungstates,  chromates  and 
molybdates  of  nickel,  cobalt  and  iron,  of  tungstates 
and  molybdates  of  chromium,  and  for  comparison 
purposes  we  have  examined  by  an  analogous  process 
the  behaviour  of  reduced  oxides  of  nickel  and  cobalt 
and  of  a  platinum  catalyst. 

PREPARATIVE  PART 
Preparation  of  Tungstates 

The  first  three  tungstates  were  obtained  by  the 
method  used  for  the  nickel  tungstate  by  Rohrer, 
Rooley  and  Brown,8  i.e.,  by  precipitation  from 
aqueous  solutions.  The  starting  substances  were 
Na2WOt-2H20  C.P.  (Mallinckrodt).  NiCl0-6 
H2O  C.P.  (Mallinckrodt),  Co(NO3)2 -6II2O  P.A. 
(Merck)  and  FeCla-6H2O  P.A.  (Merck).  The 
solutions  were  mixed  in  equivalent  quantities.  The 
salts  of  nickel  and  cobalt  were  precipitated  from  hot 
solutions,  while  the  iron  salt  was  precipitated  in  the 
cold  state.  The  precipitates  obtained  NiWO4  •  6  H2O, 
CoWO4-2H2O,  and  Fe2O3  •  WO3  •  4  H2O  were 
washed  with  water  till  the  disappearance  of  chloride 
or  nitrate  ions  respectively.  The  precipitates  were 
dried  at  a  temperature  of  110°C. 


Chromium  tungstate  was  obtained  by  mixing  a 
solution  of  CrCls  -6H2O  P.A.  (Merck)  with  a  solu- 
tion of  sodium  tungstate  in  equivalent  proportions. 
The  bluish-green  precipitate  turned  a  dark  green 
colour,  after  the  washing  and  drying  process. 

Preparation  of  Chromates7 

By  mixing  hot  solutions  of  equivalent  quantities  of 
NiCl2'6HaO  C.  P.  (Mallinckrodt)  and  (NH4)2 
CrO4  C.P.  (Mallinckrodt)  a  crystalline  reddish- 
brown  precipitate  of  Ni(NH4)2CrO4  •  6H»O  was 
obtained.  This  precipitate  was  washed  with  a  dilute 
solution  of  ammonium  chromate  and  dried  at  a  tem- 
perature of  110°C. 

A  cobalt  ammonium  chromate  precipitate  was  ob- 
tained in  an  analogous  way  starting  from  Co(NO.02 
P.A.  (Merck)  and  (NII4)2CrO4  C.P.  (Mallinc- 
krodt). The  colour  of  the  precipitate  was  bluish- 
black. 

By  mixing  equivalent  quantities  of  a  solution  of 
FeSO4-7H2O  P.A.  (Merck)  and  a  solution  of 
(NH4)2CrO4  C.P.  (Mallinckrodt)  in  the  cold  state 
a  gelatinous  precipitate  of  a  yellowish-brown  colour 
was  immediately  obtained.  The  precipitate  was 
washed  and  dried  at  110°C. 

Preparation  of  Molybdates 

The  molybdates  were  obtained  starting  from 
(NH4)«Mo7O24-4IIoO  P.A.  (Merck)  and  NiClo  • 
6H2O  C.P.  (Mallinckrodt),  Co (NO.q)o-6H2O  P.A. 
(Merck),  FeCl»-6H20  P.A.  (Merck)  and  CrCU  • 
6H2OP.A.  (Kahlbaum).  The  salts  of  nickel,  iron 
and  chromium  are  precipitated  in  cold  state  while 
for  the  cobalt  salt  heating  is  required.  The  precipi- 
tates were  washed  with  a  solution  of  ammonium 
molybdate  and  dried  at  110°C.  The  precipitate  of 
the  nickel  salt  is  bright-blue,  the  cobalt  salt  is  violet 
blue  and  the  moist  iron  salt  is  bright  green,  but 
yellow  when  dried.  The  chromium  salt  is  rose- 
coloured  in  the  wet  state,  but  violet  when  dried. 
All  precipitates  are  crystalline. 

Other  Catalysts 

From  a  solution  of  NiQ2  C.P.  (Mallinckrodt) 
sodium  hydroxide  precipitates  nickel  hydroxide.  The 
solution  was  washed  by  decantation  till  the  disap- 
pearance of  Cl-ion  both  in  the  solution  and  the 
precipitate. 
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A  precipitate  of  Co(OII)2  was  obtained  by  the 
action  of  sodium  hydroxide  on  a  solution  of  cobaltous 
nitrate.  The  precipitate  of  cobaltous  hydroxide  which 
was  originally  rose-coloured  became  the  black  cobaltic 
hydroxide  during  the  washing  process.  It  was  washed 
till  the  disappearance  of  NO3-ion  and  dried  at  110°C. 

A  platinum  catalyst  was  obtained  in  the  following 
way:  previously  purified  granulated  activated  char- 
coal (boiled  with  diluted  hydrochloric  and  nitric 
acids)  was  soaked  with  a  solution  of  chloroplatinic 
acid,  then  dried  and  subjected  to  reduction  in  a 
hydrogen  stream  at  180°C  for  6  to  7  hours.  Then 
it  was  boiled  with  water  and  dried  in  a  vacuum.  A 
sample,  when  analysed  by  usual  methods,  showed 
2.54%  Pt. 

The  substances  to  be  used  for  the  catalysis  were 
partially  crushed  and  screened  through  sieves  taking 
fractions  of  0.6  to  0.3  mm,  with  the  exception  of 
cobaltous  ammonium  chromate  which  was  already 
a  fine  powder. 

EXPERIMENTAL  PART 
Adsorption  Properties  of  Catalysts 

The  various  compounds,  prepared  in  the  way  de- 
scribed above  were  reduced  with  hydrogen  at  400°  C 
with  the  exception  of  the  platinized  charcoal  which 
was  reduced  at  180°  C 

After  4  to  6  hours  of  desorption  in  vacuo  at  180 
to  200°  C,  the  catalysts  were  prepared  for  adsorption 
measurements  of  the  amount  of  the  gas  adsorbed 
catalyst  adsorbs  during  4  hours  at  110°C  (tempera- 
ture of  the  exchange  process)  was  determined.  The 
measurements  of  the  amount  of  the  gas  adsorbed 
was  effected  with  an  apparatus  similar  to  that  de- 
scribed by  Harkins  and  Jura.9  The  reading  of  the 
pressures  was  effected  with  an  accuracy  of  0.01  mm 
Hg,  and  the  dead  space  was  determined  by  helium. 
The  results  are  shown  in  Table  I. 

The  determination  of  the  surface  areas  of  the 
catalysts  was  effected  with  pure  nitrogen  at  the 
temperature  of  liquid  nitrogen  by  the  Iluttig10  and 


BET11  methods  which  gave  results  in  satisfactory 
agreement  with  each  other.  From  the  relation 
r  =  2V/A  given  by  Emmett  and  De  Witt,12  where 
V  represents  the  volume  of  pores  in  cm3,  A  the  sur- 
face area  in  cm2/grn,  the  mean  radius  vs  the  volume 
of  the  pores  was  determined. 

Exchange  Apparatus 

The  apparatus  is  schematically  shown  in  Fig.  1. 
The  hydrogen  obtained  from  pure  zinc  and  hydro- 
chloric acid  and  purified  by  usual  methods,  enters  the 
moistening  tube  A  which  is  placed  in  water  kept  at 
a  constant  temperature.  The  wet  hydrogen  passes 
through  a  heated  connection  tube  into  the  catalytic 
tube  B  which  is  submerged  in  an  oil  bath.  The 
catalyst  is  placed  at  the  point  marked  K.  After  the 
reaction,  the  water  b  frozen  out  in  the  liquid  air 
trap  C  and  the  hydrogen  then  enters  a  device  for 
the  measurement  of  the  gas  volume. 

The  reduction  and  activation  of  catalysts  was 
effected  in  situ  with  pure  hydrogen  at  400°  C  for  a 
period  of  3  hours  with  a  hydrogen  flow  of  about  5 
litres  per  hour. 


Table  I 


Amount  Ht 

Catalyst 

Surface  area 
S  in  m*/gm 

adsorbed  at 
110°C  in  cwr1 
per  gm 

M  can  pore 
volume 
in  mm* 

Effective 
density  in 
gm/cm* 

Rate 
constant  k 
in  sec"1 

Half-time 
of  exchange 
in  tec 

Equal  area 
activity 
A  -  10*k/S 

Ni-W 

26.2 

0.50 

0.033 

7.0 

2.22 

0.31 

85 

Cr-W 

29.8 

0.08 

0.026 

9.0 

1.19 

0.58 

40 

Co-W 

37.0 

0.21 

0.040 

12.5 

0.32 

2.17 

9 

Fe-W 

21.7 

0.03 

0.023 

8.2 

0.00 

— 

0 

Ni-Cr 

256.8 

3.90 

0.352 

1.5 

4.65 

0.15 

18 

Co-Cr 

201.3 

3.25 

0.261 

2.0 

0.60 

1.15 

3 

Fe-Cr 

113.0 

1.69 

0.140 

4.9 

0.00 

_ 

0 

Ni-Mo 

147.7 

7.45 

0.149 

2.7 

2.26 

0.31 

15 

Cr-Mo 

195.0 

1.90 

0.203 

4.2 

0.21 

3.38 

1 

Co-  Mo 

96.6 

3.75 

0.119 

2.4 

0.15 

4.50 

1.6 

Fe-Mo 

49.5 

0.20 

0.046 

4.5- 

0.00 

_ 

0 

NiO 

45.2 

10.62 

0.052 

6.0 

0.39 

1.76 

9 

CoO 

50.3 

3.40 

0.056 

3.7 

0.00 

- 

0 

Pt* 

580.0 

0.70 

0.476 

2.5 

0.88 

0.79 

- 

*  Platinum  on  activated  charcoal  with  2.54%  Pt.  The  surface  area  is  measured  for  both 
platinum  and  charcoal. 
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The  moistening  tube  was  kept  at  a  constant  tem- 
perature of  66  ±  0.5 °C  and  the  catalytic  tube  at 
110±:10C  in  all  experiments.  The  catalytic  tube, 
having  a  diameter  of  5.1  mm,  was  filled  with  sub- 
stances to  be  investigated  at  heights  from  0.5  to  3.0 
cm,  according  to  the  requirements  of  each  case.  A 
small  quantity  of  glass  wool  was  placed  below  and 
above  the  contacts  since  small  particles  of  the  catalyst 
may  escape  with  the  gas  during  the  reduction  process. 

The  mole  ratio  H2/H2O  varied  in  the  experiments 
from  3.9  to  4.2  depending  on  the  velocity  of  the 
hydrogen  flow  which  varied  from  1.2  to  1.6  litres 
per  hour,  and  in  exceptional  cases  was  higher  or 
lower  than  that. 

The  moistening  tube  in  all  experiments  was  filled 
with  1.00  ml  of  water  containing  0.524%  D2O. 

The  concentrations  of  heavy  water  were  measured 
on  a  mass  spectrometer  with  an  error  of  ±  0.006%. 

Calculation  of  Results 

The  decrease  of  the  concentration  of  HDO  in  the 
original  sample  was  taken  as  a  measure  of  the 
catalytic  activity. 

In  order  to  define  exactly  the  contact  time  of  the 
gas  with  the  catalyst  it  was  necessary  to  find  its 
effective  volume.  The  volume  of  each  reduced  sub- 
stance was  found  by  use  of  helium.  The  mass  divided 
by  this  value  gives  the  number  which  indicates  the 
specific  weight,  <r,  of  this  body  together  with  the 
closed  isolated  cavities  into  which  the  gas  can  not 
enter  (Table  I  indicates  the  values  for  each  sub- 
stance). The  volume  of  the  contact  space  vc  has  been 
calculated  according  to  the  equation 

vc  =  v  — -  M/a 

where  v  represents  the  directly  measured  total  volume 
of  the  catalytic  space. 

The  contact  time,  t,  was  calculated  from  the  flow 
velocity  taking  into  account  the  calculated  contact 
space. 

The  rate  constant  of  the  reaction  was  calculated 
according  to  the  equation 


I   In 


sec~ 


where  C0  represents  the  starting  concentration  of 
D2O,  Ct  the  measured  concentration  after  the  ex- 
change and  Coo  the  calculated  concentration  for  the 
equilibrium  state  in  the  conditions  of  the  experiment. 
The  equal  area  activity  of  the  catalysts,  A,  was 
calculated  according  to  the  equation 

A  =  lO*k/S 

where  S  represents  the  surface  area  of  the  catalyst 
in  m2  per  gram  of  substance. 

Example  of  Calculations  of  Results 

Catalyst  Ni-€r;  weight  0.080  gm;  volume  0.319 
cm8;  water  quantity  1.00  ml;  hydrogen  quantity 
5340  cm3;  duration  14,100  sec.  From  the  weight, 


volume  and  effective  density  the  volume  of  the  cat- 
alyst spaces  is  found : 

vc  =  v  -  (M/a)  =  0.319  -  (0.080/1.5)  —  0.267  cm3 

The  hydrogen  at  110°C  has  a  volume  of  6979  cm3 
and  one  gram  of  water  gives  1744  cm8  of  steam, 
which  makes  a  total  of  8723  cm8. 

The  gas  stays  in  the  catalytic  space  for  a  time  of 
(14,100X0.267)/8723  =  0.446  sec,  which  is  the 
value  of  the  contact  time  t. 

Taking  for  the  equilibrium  constant  K  of  the 
reaction  at  110°C  the  value 

[HJ  [HDO] 
[HD][H20]' 

The  constant  has  been  theoretically  calculated  by 
Libby3  and  agrees  well  with  the  measurements.  Ac- 
cording to  the  above  conditions,  the  starting  con- 
centration of  0.524%  D2O  should  fall  to  0.299%. 

A  value  of  0.265%  has  been  found.  The  rate 
constant  of  the  reaction  is  equal  to 

L        1  Co -Coo  2.3 

K  —   —-.In   •   =  

t  Ct-C*          0.446 

0.524  -  0.229 


0   0.265-0.229 

From  this  follows  that  the  value  of  the  half-time 
of  the  exchange  is  equal  to 

r%=  0.693/4.71  =0.15  sec. 

CONCLUSION 

From  the  experimental  data  it  can  be  seen  that 
the  equal  area  activity  decreases  rapidly  in  the  series 
Ni  >  Cr  >  Co  >  Fe  and  an  equally  clear  decrease 
is  found  in  the  series  WCU  >  Cr(>4  >  MoO4,  with  a 
small  exception  in  the  case  of  Co-Cr  (see  Table  II). 


Table  II. 

Tungstates 

Chr  ornate  s 

Molyb  dates 

Red.  Oxides 

Nti 
Cr 
Co 
Fe 

85 
40 
9 
0 

18 

3 
0 

15 
1 
1.6 
0 

9 
0.4* 
0 
0* 

*  Values  for  the  activity  of  oxides  of  chromium  and  iron 
are  calculated  from  Ref.  6. 
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Modification  in  the  Electrolytic  and  Exchange- Reaction 
Process  for  the  Production  of  Heavy  Water 

By  J.  L  Otero  and  M.  Gispert,*  Spain 


The  present  paper  presents  a  study  of  the  produc- 
tion of  heavy  water1  using  a  cascade  of  electrolysis 
cells  giving  hydrogen,  and  a  cascade  of  reactors  in 
which  the  isotopic  exchange  reaction  is  carried  out 
in  order  to  recover  the  deuterium  from  the  hydrogen ; 
using,  in  all  of  them,  ordinary  steam  with  a  heavy- 
water  concentration  equal  to  that  of  natural  water, 
and  having,  in  each  group  of  cells,  one,  two  or  more 
reactors,  for  intermediate  condensation  of  the  en- 
riched steam. 

The  flow  diagrams,  Figs.  1  and  2,  show  an  instal- 
lation of  this  type.  It  will  be  seen  very  clearly  from 
those  diagrams  how  the  cascades  are  arranged,  so 
that  we  leave  out  their  description. 

Before  we  show  how  to  make  the  computations 
pertaining  to  an  installation  of  this  type,  it  is  neces- 
sary that  we  clarify  the  concepts  to  be  used  for  a 
better  understanding  of  what  is  involved. 

If  we  call  X  the  molar  fraction  of  HDO  in  steam 
and  Y  the  molar  fraction  of  HD  in  the  hydrogen, 
the  separation  factor  5,  between  the  electrodes  of 
a  cell  is 

[HDO] 

_  rH2oj 

^~   "[HDf 


It  can  be  written  in  the  following  fashion : 

X 


s  = 


1  — X 


1  —  Y 


(1) 


By  analogy,  for  HDO  concentrations  lower  than 
0.04,  in  the  isotopic  exchange  reaction : 


-HDfcfHDO-l  TI,. 

The  equilibrium  constant: 

[HDO] 

[HDO]  [H2] 


K  = 


[HaO] 


[H,0]  [HD] 


[H2] 


Original  language:  Spanish. 

*  Junta  de  Energta  Nuclear,  Espafia. 


This  can  be  written  as  follows,  with  an  asterisk  to 
make  a  distinction  between  the  variables : 


A'* 


Y* 


1-  Y* 
Roth  Equations  1  and  2  can  be-  simplified  as  follows : 

* 

O  -  -  /  x   \ 

^    —        I   O   I 

and         K  =  • —  (4) 

Y* 

with   a   negligible   error  at   DL.O   concentrations   in 
water  lower  than  2%. 

By  a  graphical  representation  of  Equations  3  and 
4  (Fifif.  3),  we  obtain  two  straight  lines  which  pass 
through  the  origin  of  the  coordinates,  with  slopes  of 
1/5  and  I/A'  respectively.  The  points  on  the  straight 
line  of  1/5  slope  indicate  the  concentrations  of  X 
and  Y  which  correspond  to  heavy  water  in  the  elec- 
trolvte  and  deuterium  in  the  hydrogen  which  releases 
it.  Those  corresponding  to  the  straight  line  of  \/K 
slope  represent  the  concentrations  of  X*  and  Y* 
which  leaves  an  ideal  catalytic  zone  where  the  con- 
version rate  was  100%. 

The  enrichment  of  heavy  water  by  the  electrolytic 
phenomenon  and  the  isotopic  exchange-reaction  were 
conjugated  in  this  graph  in  the  following  manner: 

Let  Xn  be  the  D2O  concentration  of  the  electrolyte 
of  a  cell  group  «;  the  hydrogen  which  comes  from 
this  cell  will  have  a  deuterium  concentration  rep- 
resented by  !*„  (point  A).  In  order  to  recover  the 
deuterium,  the  hydrogen  is  mixed  with  water  vapour 
with  a  D2O  content  equal  to  that  of  natural  water, 
namely  0.015%  molar.  For  the  point  which  represents 
the  mixture,  we  shall  find  point  B  (Xnat  =  0.015 ;  Y*). 
When  this  mass  of  steam  and  hydrogen  reaches  a 
catalytic  zone,  we  find  that  the  concentrations  of  D2O 
and  D2  in  the  water  vapour  and  hydrogen  respectively 
vary,  and  that  the  water  vapour  becomes  richer, 
while  the  hydrogen  becomes  poorer.  In  order  to 
determine  the  composition  at  the  outlet  of  the  reactor, 
if  we  let  A  be  the  molar  steam  concentration,  and  E 
the  molar  concentration  of  hydrogen  which  flows 
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FEED  WATER  GROUPS  OF  CELLS 

•20.  0.015  %  MOLAR 

WATER 

HYDROGEN 

OXYGEN 

STEAM  (CONCENTRATION  DgO  «  0.015%) 
HYDROGEN* STEAM  WITH  %  D£O>  0.015 
OXYGEN  4-  STEAM  WITH  %  D20>  0.015 
CONDENSERS 
REACTORS 

Figure   1 


through  the  zone  per  time  unit,  the  following  equa- 
tion must  be  satisfied : 


AXnat  X  EYn  =  AX**  X  EYn* 


(5) 


in  which  Xn*  and  Yn*  are  the  D2O  and  D2  composi- 
tions of  the  steam  and  hydrogen  respectively,  after 
the  mixture  goes  through  the  catalytic  zone,  in  which 
equilibrium  has  been  reached.  Equation  5  can  be  writ- 
ten as  follows : 


_A_ 

~E 


V          V  * 
X  n  —  -*n 

V  V    •'•• 

A  Wo*  —  Aw 


(6) 


in  which  an  is  the  ratio  moles  of  water/moles  of 
hydrogen  in  the  mixture  which  reaches  the  reactor, 
corresponding  to  cell  group  n.  If  we  allow  for  the 
fact  that  point  C,  the  coordinates  of  which  are 
(X,,*,  Yn*)  must  be  on  the  line  which  represents 
the  equilibrium  of  the  exchange  reaction  on  the 
graph,  we  shall  find  it  readily  by  simply  drawing, 
through  point  B  (Xnat<  Yn),  a  straight  line  of  slope 
A/E,  and  the  point  of  intersection  on  the  line  of 
equilibrium  will  set  the  composition  sought.  We 
would  obtain  the  same  results  analytically  by  solving 
(4)  with  (6),  which  gives  steam  having  a  D2O  con- 
centration greater  than  that  of  natural  water,  at  the 
expense  of  the  D2  present  from  the  hydrogen  which 
has  been  depleted  in  the  isotope  concentration  instal- 
lation and  the  flow  diagram  shown.  We  shall  then 
have  the  following  ratios : 


(7) 


and  it  will  be  possible  to  repeat  the  balance  sheet 
shown  in  the  reactor,  of  group  n,  for  n  —  1. 

Graphically,  the  values  (Xn.i,  Fn),  (X*n-i, 
F*n-i),  (Xn-2,  Fw-2)...  can  be  fixed,  from  the 
earlier  relationships  of  Equation  7.  We  shall  see  from 
Fig.  4  that  they  define,  between  the  equilibrium  lines 
I/AT  and  1/5*,  a  series  of  steps  which  terminate  in 
that  corresponding  to  F3*  which  is  equal  to  K2. 

On  finding  the  latter,  we  shall  readily  see  from 
the  graph  that  once  we  assign  certain  fixed  values 
to  K  and  S,  the  compositions  in  all  groups  of  cells 
and  reactors  will  be  defined. 

Analytically,  we  reached  the  values  of  these  con- 
centrations merely  by  fixing  K2,  computing  <Y2  by 
the  A' 2  =  5"  X  Y2  ratio,  and  from  those,  all  the  other 
values  allowing  for  the  fact  that  the  following  for- 
mula must  be  satisfied : 

,_          o      .,  _ 


(8) 


As  regards  the  quantities  of  water  which  rome  out 
of  each  (Pn)  group,  and  are  electrolysed  (/%), 
when  we  set  one  of  them  in  a  group,  the  others 
remain  fixed  in  addition  to  F2.  In  effect,  if  we  rep- 
resent the  last  group  by  subindex  m,  we  can  write  : 


///»-!  -\in-i   = 


~i~  E 


FEED  WATER  GROUPS  OF  CELLS 

'D20.  0.015      MOLAR 

WATER 

HYDROGEN 

—  —  OXYGEN 

-x-x  STEAM  (CONCENTRATION  DgO  =  0.015%) 

-—     HYDROGEN  +  STEAM  WITH  %  D20>0.015) 
==r=     OXYGEN  +  STEAM  WITH  %  DgO  >  .0.015) 
O        CONDENSERS 


REACTORS 


Figure  2 
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To  -  Vk 


0,015%          Xn 

Figure  3 


which  readily  gives  : 

Pm(Xm  —  Xw-i)  =£m(XOT-i  —  Km) 

If  we  write  Pm  =  1  and  allow  for  Equations  5  and 
8  we  obtain: 


Xm  —  - 


-i  —  Y  n 


S-K 
K-l 


=  R 


If  we  continue  drawing  up  the  equilibria  of  ma- 
terials for  the  other  groups,  we  readily  get : 

Hn  = 


J  =  4  J 


in  which  «<  is  computed  by  means  of  Equation  6. 
For  group  1 


=  Pi 


Lna* 


and  the  corresponding  feed  : 

Po  =  Ei  +  P! 

For  greater  facility,  the  computations  were  done 
in  the  following  manner:  (1)  determination  of  the 
concentrations  after  assigning  values  to  K  and  S 
and  giving  a  value  to  72  ;  (2)  finding  the  values  of 


Yn- 


n-1 


Yn-2-Yin 


0,015  xJ...Xn.1xn-2    xn-1 


X2 


Xo+2 


Y* 
Y*' 


X*  X*'  X 

Figure  5 

«s,  <*4,  05  ;  (3)  set  Pm=l  and  compute  E™;  (4) 
find  £m-1  and,  from  this,  the  value  of  Pm_1  and 
then  follow  until  the  first  group  to  which  the  last 
balances  must  be  applied. 

The  efficiency  of  the  setup  is  computed,  allowing 
for: 

P    X 
1  =  efficiency  =  m    * 


1  Q)X 


X  100 


n<it 


The  steam  consumption  and  power  of  the  installation 
for  a  given  production  of  heavy  water  can  readily 
be  computed  from  2a2£  and  2£,  allowing  for  the 
fact  that  these  values  refer  to  the  quantity  of  heavy 
water  produced. 

If  in  a  given  group  of  cells,  two  catalytic  zones 
are  used  instead  of  one,  with  intermediate  condensa- 
tion, and  if  we  use,  in  each  of  them,  equal  quantities 
of  steam  in  such  a  way  that  the  sum  be  equal  to 
that  of  the  steam  used  in  the  case  of  a  single  catalytic 
zone,  then  if  we  follow  in  Fig.  5,  the  evolution  of 
the  system,  we  find  that  by  uniting  the  water  con- 
densed in  the  two  catalytic  zones  (points  A  and  B), 
we  obtain  a  mean  heavy-  water  concentration  (point 
C)  greater  than  that  obtained  with  a  single  zone 
(point  E),  and  a  value  of  Y,  for  the  hydrogen  which 
leaves  the  second  zone,  which  also  is  lower.  Ac- 
cordingly, the  system  appears  to  function  with  an 
equilibrium  constant  K'  =  X*'/F*'  greater  than  the 
real  one  K  =  X*/F*. 

If,  as  stated  before,  we  establish  that  the  quantity 
of  steam  used  in  each  catalytic  zone  is  the  same,  we 
can  write  the  following  equations  : 

For  AT': 

+  <*nEXnat=EYn*'  + 


Figure  4 


and  for  A'  : 
1st  zone: 
EYn+ 

2nd  zone  : 
EY*+ 


from  which  we  derive: 


KYn*' 
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1+f* 

an  expression  which  gives  us  an  equation : 
(«IV)  X  /v2  + 

[2(FW  +  IV)  -  an     (2Xn*'  -  X,.,)] 

X  A:  —  4XW*'  =  0 

which  gives,  after  the  computation  has  been  carried 
out  in  the  form  indicated  above  with  the  constant  K' 
greater  than  that  of  equilibrium  constant,  the  values 
of  K  which  correspond  to  the  two  reactors.  These 
values,  divided  by  that  of  the  equilibrium  constant  at 
the  working  temperature  of  the  relevant  catalytic 
zone,  will  give  us  the  degree  of  conversion  with 
which  each  one  of  them  will  operate. 

By  a  similar  line  of  reasoning,  we  reach,  for  the 
case  of  three  catalytic  zones,  the  following: 


[9Yn 


(9«n 

Fn*(18  - 


Fw*  - 


-  27K'Yn*'  =  0 


which  enables  us  to  make  the  same  check-up  as  in 
the  case  before. 

The  graphs  on  Figs.  6  and  7  give  an  idea  of  the 
order  of  magnitude  of  the  water  consumption  and 
of  the  efficiency  of  the  installation  as  a  function 
of  F2.  In  them,  we  took  for  S,  a  value  equal  to  6; 
the  installation  for  which  we  made  the  computation 
had  6  groups  of  cells  and  K'  was  assigned  values  of 
3.1,  3  and  2.5,  which  represent  three,  two  and  one 
catalytic  zone  respectively,  per  group.  The  value  of 
A'  is  2.5  in  all  the  reactors. 

As  Fo  goes  down,  the  power  of  the  first  group 
also  goes  clown  and  cancels  out  for  the  lowest  value 
in  each  one  of  the  curves  shown.  To  this  value,  cor- 
responds an  installation  with  an  exchange  reaction 
starting  from  the  second  group. 

In  Fig.  8,  we  show  the  efficiency  as  a  function  of 
the  number  of  groups  for  K  =  2.5. 

If  we  take  the  shape  of  these  curves  into  account, 
as  well  as  the  Pn/En  ratio  in  each  group,  and  the 
temperature  at  which  the  cells  work,  it  will  be  seen 
that  it  is  possible  to  have  a  steam  consumption  of 
between  2,5  and  5.6  kg  steam/gm  D2O,  reaching 
concentrations  of  the  order  1  to  2%  with  efficiencies 
of  35  to  45%.  The  values  of  K'  oscillate  between  2.5 
and  3,  which  corresponds  to  an  assumption  of  2  or  2.5 
for  K,  using  two  or  three  reactors  with  intermediate 
condensation  in  each  group.  As  the  concentration 
increases,  the  yield  decreases,  the  installation  is  com- 
plicated and  it  is  not  of  interest,  therefore,  to  exceed 
a  concentration  of  1  to  2%  of  D2O  in  the  electrolyte 
of  the  last  group. 

In  order  to  concentrate  up  to  99%,  it  will  be  pos- 
sible to  use  vacuum  rectification  of  water  having  a 
1  to  2%  content  and  compression  of  the  head  steam, 
in  order  to  use  it  as  a  heating  agent.  Consumption 


|  - 
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10  15 

Y2x  10~3 


Efficiency 


75- 


50 


25 


10 


15 
x10'3% 


Figure  7 


per  gm  of  D2O  in  this  phase  of  the  process  is  low, 
and  does  not  modify  the  order  of  magnitude  of  the 
values  given  earlier. 

The  electrolytic  installations  having  separation 
factor  6,  with  burners  from  the  third  group  on,  con- 
sume 13  to  15  kwh/gm  D2O  with  y  =  40  to  45%,  and 
those  which  have  an  exchange  reaction  in  the  third 
group,  and  thereafter  burners,  (making  use  of  the 
heat  in  those  to  produce  the  steam  required  for  the 
exchange  reaction)  consume  4-6  kwh/gm  D2O  with 
17  =  40-45%.  In  case  the  heat  of  the  burners  of  the 
first  installation  is  used2  to  produce  the  steam  needed 
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Figure  8 


to  enrich  the  feed  water  of  the  electrolytic  installation, 
by  vacuum  rectification,  the  consumptions  are  of  the 
order  of  7-10  kwh. 

The  process  suggested  by  Kuhn  de  Basilea,3  which 
consists  of  first  concentrating  the  water  to  1  part 
per  thousand  in  electrolytic  cells,  with  rectification 
under  vacuum  using  a  thermal  pump  to  reduce  the 
cost  of  the  steam  needed,  shows  a  consumption  of 
2  kwh/gm  D2O. 

The  energy  consumption  in  a  liquid  hydrogen 
rectification  installation4  is  of  the  order  of  6  kwh/gm 
DoO  (efficiency  90%),  if  the  hydrogen  has  a  deute- 
rium concentration  equal  to  that  of  natural  hydrogen ; 
and,  if  enriched  hydrogen  is  treated  in  an  electrolytic 
installation,  it  may  be  lower  than  2  kwh/gm  DoO 
with  an  efficiency  of  70%,  referred  to  the  feed  water 
of  the  cells. 


Selak  and  Finke5  say  nothing  regarding  the  con- 
sumption of  steam  of  the  Trail  installation,  but  point 
to  operating  costs  relatively  higher  than  those  ob- 
tained in  the  installation  under  study  in  this  paper. 
The  need  for  a  catalyst  in  the  Trail  installation,  al- 
lowing for  the  fact  that  20%  of  the  cells  of  the  instal- 
lation proposed  show  an  exchange  reaction,  is  20 
to  30  times  greater  than  those. 

Comparing  those  results,  we  must  allow  for  the 
fact  that  the  cost  of  a  kilogram  of  steam,  in  the 
worst  possible  case  (production  of  steam  with 
electrical  energy),  is  lower  than  one  kwh  (approxi- 
mately 0.75 )  and  that,  accordingly,  better  results  can 
be  obtained  only  with  prior  concentration  by  electro- 
lysis and  rectification  of  the  hydrogen,  or  by  the 
Kuhn  process,  when  this  is  possible. 

Naturally,  we  must  allow  for  the  fundamental 
advantage  offered  by  rectification  of  the  hydrogen, 
with  prior  enrichment  by  electrolysis,  giving  ef- 
ficiencies of  some  70%. 

On  the  other  hand,  the  numbers  chosen  were  set 
for  a  separation  factor  of  6  and  K  =  2-2.5.  As  the 
concentration  of  D2O  increases,  the  separation  factor 
also  increases,  which  can  also  be  done  by  changing 
the  working  temperature  of  the  cells.  This  reduces 
the  steam  consumption  and  the  number  of  groups 
of  cells  which  are  necessary  to  reach  a  concentration 
of  1  to  2%,  making  the  method  more  advantageous. 

Finally,  we  draw  attention  to  the  low  cost  of  instal- 
lation with  respect  to  all  earlier  types. 
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Infra-Red  Methods  for  the  Analysis  of  Heavy  Water 

By  J.  Gaunt,*  UK 


The  accurate  determination  of  the  deuterium  con- 
tent of  heavy  water  has  been  the  subject  of  a 
number  of  researches  in  recent  years  and  methods 
which  have  been  developed  include  neutron  absorp- 
tion, interferometric,  refractometric  and  spectro- 
scopic  techniques  as  well  as  the  more  conventional 
density  and  mass-spectrometric  methods.  Some  of 
these  techniques  can  be  used  to  cover  the  whole 
range  of  deuterium  concentrations  from  <  0.02%  D 
to  >  99.5%  D  with  a  high  degree  of  accuracy  whilst 
others  are  accurate  only  in  limited  ranges.  The 
majority  of  the  methods  developed,  however,  require 
delicate  manipulation  of  samples  and  are  time- 
consuming.  Recently  a  fairly  rapid  method  of  deu- 
terium analysis  has  b^en  developed  by  Broida1  who 
used  an  electrodeless  discharge  on  water  vapour 
to  excite  the  H2«  and  D2«  emission  lines,  the  in- 
tensities of  which  can  be  measured  spectrometrically. 
In  no  case,  however,  does  it  appear  possible  to  carry 
out  continuous  determinations  on  flowing  streams  of 
liquid  water. 

As  a  consequence  of  the  development  of  modern 
infra-red  spectrometers,  infra-red  techniques  have 
now  found  a  permanent  place  in  the  field  of  physical 
methods  of  analysis.  Two  important  features  of  such 
methods  are  the  rapidity  with  which  measurements 
can  be  made  and  the  small  size  of  samples  required. 
It  is  not,  therefore,  surprising  to  find  an  increasing 
interest  in  the  application  of  this  technique  to  the 
problem  of  the  determination  of  the  deuterium  con- 
tent of  heavy  water. 

When  the  hydrogen  atoms  of  H2O  are  replaced 
by  deuterium,  although  the  actual  mass  difference  is 
small,  the  reduced  mass  of  the  O — X  bond  is  almost 
doubled,  and,  since  the  force  constant  of  the  bond 
is  unaffected,  the  stretching  frequency  is  considerably 
lowered.  Because  of  this  large  shift  in  frequency 
between  the  O — H  and  O — D  species  it  is  quite 
simple  to  identify  infra-red  absorption  bands  which 
are  characteristic  of  each  type  of  molecule  and  a 
basis  for  analytical  methods  is  readily  apparent. 
Thornton  and  Condon2  have  reported  a  method  for 
the  1-5%  D  range  based  on  the  measurement  of 
changes  in  the  intensity  of  the  O — D  stretching 
vibration  at  3.98  /*  and  Trenner  and  Walker3  im- 
proved the  accuracy  of  the  method  by  the  use  of 
thermostatted  absorption  cells.  At  the  other  end 
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of  the  range,  i.e.,  >  96%  D,  Lecomte,  Ceccoldi  and 
Roth4  were  able  to  measure  the  deuterium  content 
with  an  accuracy  of  ±0.1%.  In  this  case  the  meas- 
urements were  mac'e  on  a  combination  band  of  the 
HOD  molecule  at  1.66/*. 

More  recently  Patterson5  has  carried  out  an 
investigation  which  showed  that  changes  in  the  con- 
centrations of  heavy  water  in  the  natural  range  ca 
0.015%  D,  could  be  readily  observed. 

With  the  development  of  heavy-water  moderated 
reactors  and  in  view  of  the  plans  recently  announced 
of  the  joint  UK-New  Zealand  scheme  to  build 
a  geothermal  plant  to  produce  reactor-grade  heavy 
water,  the  need  has  arisen  for  accurate  and  rapid 
methods  of  deuterium  analysis  over  a  wide  range 
of  concentrations  both  for  laboratory  and  continuous 
plant  monitoring.  The  results  described  in  this  paper 
are  the  outcome  of  investigations  which  have  recent- 
ly been  completed  at  Harwell  to  determine  whether 
infra-red  methods  could  be  employed  for  this  type 
of  analysis. 

99%  D   RANGE 

The  accuracy  of  measurement  in  the  infra-red 
varies  enormously  and  depends  largely  upon  the 
specific  absorbance  of  the  material  under  investiga- 
tion. Although  in  some  ideal  cases  it  is  possible  to 
make  direct  measurements  with  an  accuracy  of 
slightly  better  than  1%,  in  many  instances  this  is 
not  so.  Consequently  for  the  accurate  analysis  of 
heavy  water  in  the  99-100%  D  range  it  is  impos- 
sible to  achieve  anywhere  near  the  mass-spectro- 
meter accuracy  of  ±  0.01%  in  D  by  direct  measure- 
ment of  the  D2O  concentration.  However,  in  this 
concentration  region,  the  equilibrium  conditions 
between  the  light  and  heavy  water  species  are  such 
that  only  HOD  and  D2O  are  present.6  A  small 
change  in  concentration  of  D2O  is,  therefore,  reflected 
as  a  much  larger  relative  change  in  the  HOD  con- 
centration. Lecomte  et  al.  (loc.  cit.)  have  shown  that 
it  is  possible  to  estimate  the  deuterium  content  of 
D2O  in  this  concentration  range  by  making  measure- 
ments on  the  HOD  absorption  band  at  1.66ft,  using 
1-cm  cells.  The  accuracy  achieved  was  of  the  order 
of  it  0.1%  of  D  content.  Theoretically,  a  ten-fold 
increase  in  the  cell  thickness  should  lead  to  a  ten- 
fold increase  in  the  accuracy  of  the  estimations. 
In  practice,  however,  the  broadened  absorption  of 
neighbouring  bands  interfere  with  the  measurements 
and  a  more  suitable  region  must  be  found. 
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Table 

1 

wt  %  DoO 
(nominal) 

Mol  %  D 

HOD 

£20 

H2O 

Mol.  % 

wt  % 

mol  % 

wt% 

mol  % 

wt% 

56.00 
54.00 
52.63 
52.00 
50.00 
48.00 

53.39 
51.37 
50.00 
49.37 
47.37 
45.38 

49.13 
49.32 
49.36 
49.35 
49.22 
48.94 

48.95 
49.25 
49.36 
49.38 
49.35 
49.18 

28.82 
26.71 
25.32 
24.76 
22.76 
20.91 

30.32 
28.07 
26.65 
26.02 
24.03 
22.12 

22.05 
23.97 
25.32 
25.95 
28.02 
30.15 

20.82 
22.68 
23.99 
24.60 
26.62 
28.70 

The  fundamental  absorption  band  of  HOD  at 
2.946  p.  has  a  very  high  extinction  coefficient  and  in 
order  to  avoid  complete  extinction  the  cell  length 
must  be  small  (about  0.05  mm).  This  leads  to  a 
number  of  difficulties.  In  the  first  instance  it  is 
difficult  to  fill  and  empty  a  cell  of  this  thickness 
with  accuracy  and  also  since  the  total  volume  of 
liquid  contained  in  it  is  only  of  the  order  of  0.05  ml, 
a  minute  trace  of  absorbed  H2O  on  the  cell  windows 
would  lead  to  a  large  error  in  the  apparent  D2O 
concentration.  The  use  of  thicker  cells  would  mean 
that  measurements  would  have  to  be  made  at  high 
optical  densities  with  consequent  high  errors.  This 
can  be  overcome  by  using  a  method  of  differential 
comparison  in  which  samples  having  high  optical 
densities  are  constantly  referred  to  a  standard  which 
has  approximately  the  same  optical  density.  Although 
absolute  measurements  cannot  be  made  with  ac- 
curacy at  the  high  optical  densities  of  either  the 
standard  or  the  samples,  the  ratios  of  the  samples 
to  the  standard  can  be  made  with  precision.7  A 
method  of  analysis  which  is  based  on  these  principles 
has  been  worked  out.  The  cells  used  are  0.25  mm 
thick  and  the  working  wavelength  is  2.946  p.  The 
method  can  be  applied  to  either  double  or  single 
beam  spectrometers  and  is  now  used  at  Harwell  as 
the  basic  analytical  method  for  D2O  analysis  in  this 
range. 

Although  not  an  absolute  method,  once  a  calibra- 
tion curve  has  been  drawn  up,  samples  can  be 
analysed  in  approximately  3  mins.  The  range  covered 
by  the  method  is  from  99.5  to  100%  and  it  has  been 
found  possible  to  distinguish  between  samples  differing 
by  only  0.003%  D.  An  example  of  the  repeatibility 
which  has  been  achieved  is  given  below. 


%  D    estimated 


99.800 
99.799 
99.801 
99.805 
99.798 
99.799 
99.798 
99.799  J 


Mean  =  99,800  ±  0.002% 

cf.  Mass   spectrometry    figure  99.799% 


50%  D  RANGE 

Although  at  first  sight  it  would  appear  impractic- 
able to  carry  out  determination  of  the  deuterium 
content  of  heavy-water  samples  in  this  concentra- 
tion range  without  previous  dilution,  in  practice  it 
has  proved  to  be  relatively  simple. 


When  pure  H2O  and  pure  D2O  are  mixed,  equi- 
librium is  rapidly  established  according  to  the  equa- 
tion: 


Since  the  equilibrium  constant  is  known,  measure- 
ment of  one  component  of  this  mixture  immediately 
leads  to  a  knowledge  of  the  concentration  of  the  other 
components.  In  order  to  see  which  component  will 
give  the  greatest  sensitivity  in  measurement,  refer- 
ence must  be  made  to  the  absolute  composition  of 
the  mixture  in  this  concentration  range.  Using  the 
figures  for  the  equilibrium  constant  given  in  refer- 
ence 6,  Table  I  has  been  worked  out. 

From  this  table  it  is  immediately  apparent  that 
the  changes  in  the  HOD  concentration  are  sensibly 
constant  over  a  fairly  wide  range  of  deuterium  con- 
centrations in  this  region  and  the  major  changes 
occur  in  both  the  D2O  and  H2O  species.  In  either 
of  the  latter  cases,  because  of  the  relatively  high  con- 
centration of  the  HOD  species,  it  is  not  possible 
to  make  measurements  on  either  the  O  —  D  or  the 
O  —  H  fundamental  band.  Investigations  have  shown 
that  the  H.,O  combination  band  at  1.445  p  is  relatively 
free  from  overlapping  bands  from  the  other  species 
and  could  be  used  as  a  basis  for  an  analytical  method. 
It  was  found  convenient  to  use  absorption  cells  5  mm 
thick,  with  glass  windows.  A  differential  comparison 
method  was  again  found  to  give  the  greatest  preci- 
sion over  a  short  range  of  concentrations.  The  method 
worked  out  covers  the  range  from  45-55%  D  with 
an  accuracy  of  ±  0.06%  D.  An  example  of  the 
repeatability  of  the  estimations  is  shown  below. 

%  D  estimate 
51.82 
51.82 
51.60 
51.74 
51.70 
51.70 
51.74 
51.62 
51.62 
51.76 

3%,  0.2%   AND  NATURAL  CONCENTRATION 
RANGES 

When  the  molar  concentration  of  deuterium  in 
heavy  water  is  less  than  4%,  the  only  species  present 
are  H2O  and  HOD.  Changes  in  the  H2O  concentra- 
tion cannot  readily  be  observed  for  similar  reasons 
to  those  already  stated  for  D2O  in  the  high  con- 
centration range  and  in  consequence  direct  measure- 
ment on  the  HOD  species  must  be  made.  It  has 


Mean  =  51.71  ±  0.06% 
Real  value  =  51.74%  D 


INFRA-RED  ANALYSIS  OF  D2O 


425 


already  been  shown  that  the  most  suitable  region 
of  the  spectrum  in  which  such  measurements  can 
be  made  is  at  3.98  /*,  where  the  fundamental  O — D 
stretching  vibration  is  observed.  The  methods  of 
analysis  which  have  been  worked  out  for  the  three 
concentration  ranges  listed  above  are  identical  and 
require  simply  the  use  of  different  cells  to  cover  each 
range  separately.  Once  again  methods  of  differential 
comparison  have  been  found  to  yield  the  most  ac- 
curate results  but  it  was  also  found  convenient  to 
use  a  scale  expansion  technique  in  addition.  Full 
experimental  details  of  these  methods  are  being 
published  in  a  technical  paper  elsewhere.  Typical  ana- 
lytical figures  for  these  ranges  are  listed  in  Table  II. 
Although  the  analytical  methods  which  have  been 
worked  out  so  far  cover  only  a  limited  series  of 
ranges,  each  with  a  reasonably  high  accuracy,  the 
technique  has  not  been  pushed  to  its  limit  and  there 
is  little  doubt  that  the  whole  range  from  0-100%  D 
could  be  covered  with  the  degree  of  accuracy  in 
determination  increasing  from  about  ±  2%  of 
the  deuterium  concentration  in  the  natural  range  to 
±  0.002%  in  the  high  concentration  range.  In  every 
case,  the  time  taken  per  analysis  has  been  only  of 
the  order  of  2-3  min,  this  time  being  mainly  that 
required  to  fill  and  empty  the  absorption  cells.  The 
infra-red  technique,  therefore,  appears  to  be  very 
suitable  for  use  on  continuously  flowing  streams.  At 
first  sight  it  might  appear  that  to  flow  samples  con- 
tinuously through  the  very  thin  cells  required  would 
be  extremely  difficult  and  probably  would  be  a  major 
stumbling  block  in  this  development.  However,  it 
has  recently  been  shown  possible  using  liquids  having 
higher  viscosities  than  water8  and  should  not  present 
a  real  problem.  Far  more  difficult  is  the  production 
of  stable  and  robust  equipment  capable  of  withstand- 
ing the  rigours  of  plant-scale  operations.  Two 
methods  of  approach  to  this  problem  may  be  con- 
sidered: (1)  dispersive  methods,  and  (2)  non- 
dispersive  methods. 


The  simplest  form  that  an  infra-red  analyser  can 
take  is  one  which  primarily  consists  of  a  source,  a 
narrow-band  transmission  filter  and  a  detector.  Filters 
having  the  required  characteristics  for  such  work 
are,  in  general,  not  available  and  some  other  means 
must  be  sought.  Savitzky  and  Bresky8  have  recently 
described  an  instrument  which  uses  a  non-dispersive 
method  for  analysis  of  a  given  substance  at  a  given 
wavelength  and  which  can  readily  be  adapted  for 
the  analysis  of  heavy  water.  Although  optically  non- 
dispersive,  the  instrument  incorporates  a  selective 
detector  in  the  form  of  a  variable-diaphragm-type 
condenser  which  is  filled  with  a  gas  which  absorbs 
at  the  analytical  wave-length  (e.g.,  for  2.946  p,  am- 
monia could  be  used)  and  is,  therefore,  sensitive  to 
changes  in  the  absorption  at  that  wavelength.  It  is 
understood  that  instruments  of  this  type  have  al- 
ready proved  practicable  in  continuous  plant  analyses 
and  appear  to  be  robust  and  stable. 

Alternative  to  the  non-dispersive  type  of  instru- 
ment, is  the  instrument  which  uses  dispersive  media 
for  isolating  a  narrow  wavelength  band.  Woodhull 
et  al.9  have  described  a  plant  instrument  which  uses 
prisms  for  dispersion  whereas  the  present  author 
has  recently  described  an  instrument  which  em- 
ploys a  diffraction  grating  and  transmission  filters, 
for  use  in  the  laboratory.10*11  Although  this  instru- 
ment can  be  used  as  a  fairly  high  resolution  spectro- 
meter, it  is  best  employed  as  a  rough  monochrometer 
and  in  this  manner  it  has  been  in  use  at  Harwell 
for  some  12-18  months  for  the  analysis  of  reactor- 
grade  heavy  water.  The  results  which  have  been 
obtained  with  it  have  been  shown  to  be  both 
repeatable  and  reliable.  Because  of  the  speed  with 
which  analyses  can  be  carried  out,  this  method  of 
analysis  has  now  been  adopted  as  a  routine. 

To  transfer  an  analytical  method  of  this  nature 
from  the  laboratory  to  the  plant  presents  a  major 
problem  in  instrumentation  and  electronics.  This 
problem  has,  however,  been  successfully  tackled8-9 


Table  II 

Range                          Cell 

Windows                   ^o  D  estimate 

CaF2or               3.230  ] 

2.8-3.6%  D             0.07mm 

A1208                3.240 

Mean  =  3.23e  ±  0.004 

(synthetic               3.233    v 

sapphire)               3.24!> 

Real  value  =  3.237%  D 

3.23;  J 

0.18-0.27%  D          0.18m 

CaFoOr                0.214  *) 

A12O3                 0.217 

Mean  =  0.216  ±  0.002 

(synthetic               0.219    i- 

sapphire)               0.214 

Real  value  =  0.217%  D 

0.215  J 

Natural-                   0.25  mm 

CaF2  or                0.0355 

0.08%  D 

A12O3                 0.0365 

(synthetic              0.0365 

Mean  =  0.0368  ±  0.0008 

sapphire)               0.0365 

Y 

0.0365 

Real  value  =  0.0376% 

D 

0.0390 

0.0375 
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and  instruments  have  been  developed  for  continuous 
plant  monitoring.  Such  instruments  can  be  used  for 
the  analysis  of  heavy  water  and  there  is  little  doubt 
that  they  can  also  be  adapted  to  control  the  flow 
of  a  production  plant  to  yield  automatically  a  prod- 
uct of  uniform  quality. 
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Isotopic  Analysis  of  Water  by  Near-lnfra-Red  Spectrometry 


By  Enrique   Silberman,*    Argentina 


The  practical  difficulties  encountered  in  the  deter- 
mination of  the  deftterium  content  of  water  by  the 
usual  methods  are  well  known  :l  density  or  refractive 
index  measurements  require  very  good  purification 
and  careful  handling  of  the  samples  and  where  the 
mass  spectrograph  is  used  for  analysis,  prior  decom- 
position of  the  water  also  is  required,  an  operation 
which  has  to  be  carried  out  with  the  utmost  care  in 
order  not  to  alter  its  isotopic  composition. 

This  makes  the  possibility  of  measurements  using 
the  great  difference  between  the  absorption  spectra 
of  the  H2O,  HDO  and  D2O  molecules  in  the  infra- 
red most  attractive:  in  fact,  the  measurements  can 
be  made  directly  on  the  liquid  sample,  free  from  inter- 
ferences due  to  impurities  unless  they  are  of  such 
a  nature  that  they  would  strongly  absorb  radiation  in 
the  frequency  range  of  the  band  used  for  the  analysis, 
which  would  be  an  exceptional  situation,  particularly 
with  water  suitable  for  nuclear  physics  experiments. 

However,  the  development  and  application  of  these 
measuring  methods  are  of  very  recent  date.  In  1950, 
Thornton  and  Condon2  used  the  3.98  /A  band  to  carry 
out  determinations  in  water  containing  0  to  5%  D2O, 
with  an  absolute  error  of  less  than  0.03%.  Samples 
containing  greater  concentrations  of  D2O  had  to  be 
diluted  down  to  a  measurable  range,  but  the  relative 
error  remained  under  \%  in  the  3  to  100%  D2O 
range.  Trenner  and  Walker3  gave  a  detailed  descrip- 
tion of  the  technique  to  be  followed  to  ensure  repro- 
dueibility  of  the  results.  They  stressed  the  need  for 
stabilization  of  sample  temperature,  thereby  reducing 
the  error  to  0.01%.  Very  recently  Gaunt,4  using  the 
same  band,  presented  a  differential  method  which 
became  independent  of  temperature  variations,  guar- 
anteeing an  accuracy  of  0.0003%  in  the  determination 
of  DL,O  concentrations  in  the  0-0.8%  range.  The 
possibility  of  using  the  2.95  ^  band  for  estimation  of 
very  highly  enriched  water  is  shown  in  the  same 
paper  with  a  precision  reaching  0.003%  in  samples 
containing  over  99.9%  D2O. 

Lecomte,  Ceccaldi  and  Roth5  introduced  a  very 
important  simplification  of  the  technique  when  they 
tried  out  bands  in  the  near  infra-red,  since  they 
offer  the  following  advantages : 

1.  The  use  of  a  spectrograph  of  simple  design  and 
operation,  as  well  as  more  reasonable  price,  becomes 
possible  since  the  expensive  and  delicate  LiF,  CaFe-j 
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or  NaCl  prisms  may  be  replaced  by  the  more  common 
glass  prisms ;  glass  may  replace  CaF2  in  the  absorp- 
tion cell  windows  and,  finally,  a  PbS  detector  can  take 
the  place  of  the  thermocouple,  giving  greater  sensi- 
tivity and  affording  considerable  simplification  of  the 
amplifying  equipment : 

2.  Since  the  bands,  in  this  region  of  the  spectrum 
correspond  to  overtones  or  combinations  of  the  funda- 
mentals, they  give  weaker  absorptions,  permitting 
the  use  of  thicker  cells  (from  1  mm  to  several  centi- 
meters) thus  simplifying  the  filling,  cleaning  and 
thickness  measurements  of  the  cells,  which  are  del- 
icate operations  when  the  thicknesses  are  only  some 
hundredths  of  a  mm  as  is  the  case  in  the  rest  of  the 
infra-red  region.  In  addition,  the  effects  of  the  parti- 
cles accidentally  held  in  suspension  in  the  sample 
become  less  important. 

The  H2O-DoO  spectrum  between  1  and  2  p  shows 
two  main  absorption  bands  (Fig.  1)  :  one  in  the 
vicinity  of  1.47 p  ascribed  to  the  H2O  molecule;  and 
one  at  1.66/x,  ascribed  to  the  HDO  molecule.5'6  After 
several  series  of  measurements  made  in  order  to 
establish  the  optimum  conditions,  Lecomte  ct  a/, 
diose  the  1.66ft  band,  using  which  they  were  able 
to  make  measurements  on  mixtures  having  a  D2O 
content  of  over  95%  with  a  precision  of  0.1%. 

In  order  to  make  measurements  in  other  concentra- 
tion ranges  without  losing  the  advantages  of  the 
measurement  in  the  near  infra-red,  we  made  a  point 
of  using  the  1.47ju  band.  We  have  succeeded  in  im- 
proving Lecomte's  precision,  in  the  concentration 
range  he  used,  by  a  systematic  study  of  its  character- 
istics and  the  introduction  of  a  new  generalization  of 
the  differential  method,  and  to  extend  the  measure- 
ments throughout  the  whole  of  the  range  with  a  pre- 
cision that  may  be  adequate  for  control  of  an  indus- 
trial process  of  D2O  production  as  well  as  useful  for 
research  purposes.  Above  all  this  applies  where  im- 
mediate analyses  are  needed,  as  in  the  case  of  the 
study  of  physical  and  chemical  processes  in  which  the 
delay  due  to  preliminary  processing  of  the  sample, 
as  required  bv  other  methods,  is  not  acceptable,  or 
proves  impossible  with  the  small  thickness  required 
for  work  at  longer  wavelengths. 

EXPERIMENTAL 

The  Kipp  and  Zonen  L27  spectrograph  of  the 
National  Atomic  Energy  Commission  was  used  with 
a  dense  flint  prism  and  a  compensated  thermocouple 
(since  no  PbS  detector  was  available).  The  original 
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system  of  photorecording  of  galvanometer  deflections 
was  replaced  by  another  one  consisting  of : 

1.  A  dc  electronic  amplifier  (Liston-Folb  Breaker 
Amplifier)  into  which  it  was  possible  to  inject  a  low 
voltage  (adjustable)  to  compensate  for  zero  drift  if 
needed,  or  shift  the  position  of  the  zero  if  desired, 
as  well  as  low  voltages  of  1.3,  30  or  100  ftv  for  the 
purpose  of  checking. 

2.  A  pen  recorder  (Speedomax)  was  coupled  to 
the   above  amplifier  through  a   filter   and   voltage 
divider.  In  our  case,  an  ordinary  filament  lamp  proved 
particularly  useful  as  the  radiation  source,  since  the 
wavelength  of  its  maximum  emission  was  very  close 
to  1.47  p,  where  we  intended  to  make  our  measure- 
ments.   The   absorption   cells   were   equipped    with 
1-mm-thick  glass  windows  and  lead  amalgam  spacers 
of  the  necessary  thickness,  except  for  the  cells  10  mm 
or  larger,  which  were  standard  cells  from  a  color- 
imeter. 

Thermocouple  detection  inevitably  introduces  zero 
drift,  the  influence  of  which,  on  the  accuracy  of  the 
measurements,  was  avoided  to  a  great  extent  by 
successively  recording  for  one  minute  each  of  the 
values  of  interest.  During  the  few  minutes  taken  for 
such  measurements,  zero  drift  is  practically  constant 
and  it  is  possible  to  measure  the  distance  between  the 
lines  produced  in  such  a  way.  In  this  manner,  trans- 
missions of  some  40-50%  can  be  determined  to  0.5% 
and  when  the  transmission  lies  between  80  and  100%, 
this  error  may  be  reduced  to  0.25%. 

DISCUSSION  OF  EARLIER  METHODS  AND 
DETERMINATIONS 

It  should  be  understood  that  the  D2O  percentages 
mentioned  above  and  quoted  in  most  of  the  papers  to 
which  reference  has  been  made,  are  those  to  which 
the  solutions  used  for  comparison  had  been  adjusted 
by  mixing  H2O  and  99.8%  D2O.  These  percentages 
do  not  express  the  molecular  content  in  D2O  since  a 
fraction  of  these  molecules  take  part  in  an  exchange 
reaction  with  H2O  molecules  to  give  HDO ;  however, 
the  percentage  does  give  a  correct  indication  of  the 


H/D  ratio  in  atoms  per  cent.  Since  our  measurements 
are  made  on  a  band  almost  completely  due  to  H2O, 
it  also  is  clear  that  only  a  part  of  the  H2O  added  to 
the  D2O  to  prepare  the  standard  solutions  remains 
unchanged  and  contributes  to  the  changes  in  absorp- 
tion, while  the  fraction  transformed  into  HDO  con- 
tributes to  the  intensity  of  bands  situated  at  other 
wavelengths  where  we  do  not  take  readings.  From 
this,  we  deduce  that  we  should  not  expect  compliance 
with  Beer's  law  and  we  are,  therefore,  forced  to  de- 
pend on  empirical  calibration  curves. 

In  order  to  obtain  some  idea  of  the  shape  of  these 
curves,  we  made  a  preliminary  survey  covering  the 
whole  of  the  concentration  range.  We  established 
empirically,  the  sample  thickness  that  would  yield  a 
transmission  of  20-80%  and  found  that  /  (cell  thick- 
ness) =  0.4  mm.  The  curve  in  Fig.  2,  which  shows 
optical  density  D  =  log  /0//  as  a  function  of  the  con- 
centration is,  within  experimental  errors,  a  straight 
line  for  deuterium  contents  up  to  60%,  and  departs 
from  linearity  toward  greater  optical  densities  with 
higher  D  concentrations.  This  curve  may  be  useful 
for  several  purposes: 

1.  It  is  a  calibration  curve  for  the  determination  of 
the  deuterium  content  of  solutions  of  D2O  in  H2O, 
regardless  of  concentration.  Although,  in  Equation  1 : 


D=kXcXl 


(1) 


k  is  not  constant  for  c  <  40%,  it  may  be  considered 
constant  over  small  concentration  ranges,  its  value 
then  being  expressed  by  the  slope  of  the  curve.  Then 
Equation  1  gives  as  absolute  error  for  the  determina- 
tion of  c  from  a  measurement  of  Df  of: 


(2) 


in  which  cr  ,T  is  the  relative  error  which  can  be  made 
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in  measuring  70/7.  In  our  case,  the  application  of 
Equation  2  leads  to  values  of  Ac  between  0.5  and 
0.7%,  with  the  lower  value  corresponding  to  concen- 
trations of  some  50%  for  which  the  thickness  taken 
for  the  sample  is  optimum.  This  precision  should  be 
sufficient  for  control  purposes,  which  may  be  made 
easily,  automatically  and  continuously  over  the  inter- 
mediate ranges  (5  to  95%)  obtained  in  an  industrial 
heavy  water  manufacturing  process. 

2.  The  curve  gives  us  values  of  k  with  which  the 
sample  thickness  required  for  any  concentration  may 
be  computed,  by  means  of  Equation  1,  in  order  to 
obtain  predetermined  transmission  rates,  a  very  use- 
ful item  for  the  more  exact  estimation  of  water  of 
approximately  known  deuterium  contents. 

3.  By  correlating  the  curvature  obtained  with  the 
H2O,  HDO  and  D2O  concentrations  effectively  pre- 
sent,  even   though   we   identify   the   sample  by  its 
total  D  or  H  content,  we  postulate  that  it  is  possible 
to  reach  some  conclusions  on  the  effective  contribu- 
tion of  each  of  the  fundamental  vibration  modes  of 
the  three  molecules  to  the  intensity  of  the  band,  a 
point  on  which  the  existing  publications5*6'7'8  are  not 
in  good  agreement. 

In  order  to  improve  the  precision  of  the  determin- 
ations over  small  ranges,  the  scale  should  be  in- 
creased, thus  reducing  c7  /7  This  can  be  done  in  two 
ways:  amplification  can  be  increased  to  the  limit 
imposed  by  the  signal-to-noise  ratio  of  the  equip- 
ment, or  the  signal  alone  (and  not  the  noise)  can  be 
made  more  intense  by  increasing  the  slit  widths.  In 
such  a  case,  the  limit  arises  from  the  reduction  in  the 
percentage  absorption  due  to  the  greater  spectral 
width  falling  on  the  detector.  In  effect,  this  will  aver- 
age the  absorptions  over  this  width  and  give  values 
consistently  smaller  than  those  corresponding  to  the 
narrow  frequency  interval  taken  at  the  maximum  of 
the  band.  For  this  reason,  its  shape  now  becomes  of 
interest  to  us.  In  order  to  determine  it,  we  made  a 
second  preliminary  experiment,  measuring  the  trans- 
mission percentage  for  several  slit  widths.  From  the 
curve  so  obtained  (Fig.  3)  it  can  be  seen  that  we  are 
dealing  with  a  rather  wide  band,  and  that  slits  up  to 
0.4  mm  may  be  used  without  appreciably  reducing 
the  absorption,  thus  giving  signals  10  times  more 
intense  than  those  corresponding  to  the  0.15  mm  slit 
used  in  the  first  experiments. 

By  increasing  the  signal  in  this  manner,  we  are 
now  faced  with  the  problem  that  it  is  not  possible  to 
record  on  the  same  chart,  the  zero  value  (radiation 
off),  the  total  radiation  (70)  and  the  radiation  trans- 
mitted by  the  sample  (7).  We  used  a  differential 
method  for  this. 

Solutions  of  two  strengths,  Ci  and  CQ,  were  pre- 
pared, corresponding  to  the  ends  of  the  narrow  range 
in  which  we  intended  to  make  measurements.  Zero 
being  off  the  chart  (Fig.  4),  the  signals  were  ampli- 
fied, until  the  7i  and  72  readings  appeared  at  the 
opposite  ends  of  the  scale.  The  difference  A70  = 
72  —  7i,  will  be  proportional  to  total  radiation  70  and 
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to  a  certain  function  of  the  concentration  difference 
Ac0  =  c-i,  —Ci,  or : 


=  /0X/(Aco) 


(3) 


Under  these  conditions,  a  sample  showing  an  inter- 
mediate concentration,  somewhere  between  Ci  and 
c2t  will  give  a  reading  somewhere  between  7i  and  72  ; 
the  difference  A7  =  7  —  7i,  being  again  proportional 
to  70  and  to  the  same  function  of  the  concentration 
difference  Ac  =  c  —  c\t  or 

A/  =  /0X/(Ac)  (4) 

The  value  of  A7/A70  will  be  independent  of  70,  being 
only  a  function  of  Ci,  c2  and  c.  Since  Ci  and  c2  are 
known,  the  following  calibration  curve  may  be  drawn. 


A7 


A7n 


(5) 


If  the  substance  obeys  Beer's  law   (in  the  interval 
fi  —  c2)  Equation  5  will  become: 

A7  1 

(1  —  *-*xixc0\       (6) 
V  '       W 


A70       l_r- 

For  a  small  Ac0,  using  the  first  term  of  the  exponential 
series  development,  we  have  : 


A7          Ac0 


A/o 


(7) 
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and,  in  other  words,  the  curve  of  Equation  5  will  be 
a  straight  line  and  the  measurement  is  limited  to  a 
linear  interpolation. 

If  it  is  necessary  to  make  a  large  number  of  de- 
terminations in  the  same  concentration  region,  solu- 
tions Ci  and  fo  may  be  replaced  by  suitable  filters 
(darkened  or  ground  glass,  steel  mesh,  etc.)  which 
have  transmissions  approximately  the  same  as  those 
of  the  solutions,  and  which  are  usually  more  stable 
and  easier  to  handle.  The  above  reasoning  holds 
for  the  empirical  calibration;  from  Beer's  law,  if 
the  first  filter  transmitted  A  =  «/0  and  the  second 
/2  =  /?/<,,  the  corresponding  Equation  6  becomes : 


A/  1/1  \ 

=  _„__     i •  t.-Ar» 

A/o         1  —  ft/a    \       a  I 


(8) 


If  c  varies  within  a  small  interval,  one  may  deduce 
from  Equation  8  that  A//A/0  will  also  be  a  linear 
function  of  c. 

Using  this  differential  method,  the  errors  made  in 
the  determinations  may  be  reduced  whenever  it  is 
possible  to  increase  the  signals,  either  by  widening 
the  slit  (provided  this  does  not  affect  the  absorption 
coefficient),  or  increasing  the  amplification.  With 
our  equipment,  which  permits  the  reproduction  of 
0.25  divisions  on  a  scale  of  100  units,  the  error  would 
be  of  the  order  of  1/400  of  the  difference  in  concen- 
tration corresponding  to  signals  at  the  opposite  ends 
of  the  scale. 

RESULTS 

1.  Samples  Containing  over  95%  D2O 
The  1.47/1  band  is  particularly  useful  in  thib  con- 
centration region.  Using  10-mm  cells  and  0.4-mm 
slits,  and  amplifying  until  a  full  scale  deflection  equiv- 
alent to  2  pv  was  obtained,  the  signals  for  99%  and 
99.8%  D2O  solutions  are  found  to  be  80  divisions 
apart.  In  this  case,  the  zero  is  off  the  scale  and  in 
fact,  the  total  signals  measured  are  approximately 
40  /AV.  The  noise  in  our  system,  which  increases  with 
the  signals,  is  increased  so  that  only  }/2  division 
accuracy  may  be  assured,  a  condition  which  corre- 
sponds to  Ac  =  ±  0.005%  (Fig.  5). 

2.  Samples  with  Less  than  5%  D20 
With  a  1-mm  cell  and  the  same  slit  and  amplifica- 
tion as  above,  the  signals  obtained  for  normal  water 
and  5%  D2O  would  be  25  divisions  apart.  Now  the 
signals  are  weaker  (5/xv),  but  the  same  condition 
applies  to  noise,  and  l/\  division  may  be  obtained 
corresponding  to  a  Ac  =  ±  0.05%,  (Fig.  6). 

APPLICATIONS 

We  noted  that:  (1)  the  maximum  emission  of  an 
ordinary  filament  lamp  is  at  about  1.5 /A,  and  de- 
creases rapidly  toward  longer  and  shorter  wave- 
lengths; (2)  heavy  water  has  a  good  transmission 
without  any  important  bands  from  the  visible  to  2  /m ; 
and  (3)  ordinary  water  has  a  strong  absorption  band 
at  1.47  fji  and  transmits  very  little  beyond  2  /A. 
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This  means  that  there  will  sbe  a  substantial  differ- 
ence between  the  radiation  emited  by  a  lamp  after 
passing  through  identical  cells  containing  H2O  and 
DoO  respectively.  These  differences  may  be  increased 
by  the  use  of  suitable  filters.  On  the  basis  of  these 
data,  we  have  made  a  continuous  analyzer  as  sketched 
in  Fig.  7.  The  system  may  be  improved  by  the  use 
of  PbS  detectors,  modulation  of  the  beam,  ac  amplifi- 
cation and  recording  devices.  Design  is  still  in  the 
early  stages  of  development  but  preliminary  results 
indicate  that  it  is  possible  at  least  to  make  very  simple 
units  which,  operating  as  null-point  instruments, 
could  actuate  servo  systems  in  such  a  way  as  to 
automatically  maintain  uniformity  of  the  concentra- 
tion of  the  liquid  flowing  through  the  pipe  systems  of 
a  plant  used  for  industrial  production  of  D2O. 

CONCLUSIONS 

With  the  equipment  available,  estimations  can  be 
made  with  a  precision  varying  from  0.05%  for  water 
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Figure  7.  Analyzer:  (1)  plane  mirrors;  (2)  iris  diaphragm;  (3) 
filters;  (4)  convex  lenses;  (5)  cell  containing  reference  solution  of 
D2O;  (6)  cell  containing  sample;  (7)  two  thermocouples  connected 
in  opposition  (Moll  and  Burger  thermorelay);  (8)  galvanometer; 
(9)  filament  lamp 

very  rich  in  D2O  to  5%  in  water  containing  only  1% 
D2O.  Where  standard  solutions  are  available  for 
calibration  checking,  a  complete  measurement  can 
be  carried  out  in  5  minutes.  With  better  equipment, 
namely  with  higher  signal-to-noise  ratios  and  zero- 
drift  elimination,  errors  can  be  lowered  from  the 
values  mentioned  and  measurement  time  decreased. 
Compared  with  other  methods,  the  fundamental 
advantage  of  the  technique  offered  is  that  it  makes 
direct  analyses  of  liquid  samples  possible  without  the 
need  of  extensive  pre1iminary  treatment.  In  addition, 


the  samples  may  be  small  (from  0.1  to  2  ml)  and 
are  recovered  intact.  As  regards  measurements  in 
the  far  infra-red,  the  proposed  band  has  the  merit 
of  allowing  the  use  of  more  readily  available  instru- 
ments, and  of  simplifying  the  techniques  by  the  use 
of  thicker  cells  and  the  elimination  of  windows  re- 
quiring careful  handling. 
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On  Methods  of  Isotopic  Analysis  of  Heavy  Water 

By  K.  W.  Vladimirsky,  M.  Y.  Katz,  B.  M.  Stasyevich,  USSR 


Several  methods  have  been  proposed  for  the  deter- 
mination of  the  isotopic  composition  of  a  mixture  of 
D2O  and  H2O.  These  methods  are  hased  on  the  dif- 
ference of  certain  physical  properties  of  heavy  and 
light  water  or  deuterium  and  hydrogen.  The  most 
widespread  are  the  methods  based  on  density  meas- 
urement: the  pyknometric,  drop,  and  float  methods. 
These  methods  are  simple,  they  do  not  require  com- 
plex apparatus  and  highly  qualified  workers  and  they 
give  a  high  degree  of  accuracy.  A  drawback  in  the 
density  method  is  the  possibility  of  systematic  errors 
in  the  determination  of  the  isotopic  composition 
which  are  connected  with  inaccuracies  in  the  deter- 
mination of  the  basic  calibration  constant — the  density 
of  isotopically  pure  deuterium  oxide. 

The  aim  of  the  present  work  is  the  determination 
of  isotopically  pure  deuterium  oxide.  Aside  from  the 
absolute  measurements  of  the  density  of  the  pure 
product,  parallel  measurements  of  the  density  and 
isotopic  composition  were  conducted.  Measurements 
of  isotopic  concentrations  were  made  by  methods  of 
nuclear  magnetic  resonance  and  mass  spectrometry. 

OBTAINING    HEAVY   WATER    WITH    A    MAXIMUM 

CONCENTRATION  OF  DEUTERIUM  AND 

DETERMINATION  OF  THE  DENSITY 

Two  identical  metal  (stainless  steel)  filled  rectifi- 
cation columns  of  height  2  m  and  inside  diameter 
20  mm  (arrangement  L  and  arrangement  M )  were 
constructed"  to  obtain  heavy  water  with  a  maximum 
concentration  of  deuterium.  Figure  1  gives  a  cross- 
sectional  view  of  the  arrangement. 

A  differential  mercury  pressure  gauge  showed  the 
difference  in  pressure  in  the  boiler  (1)  and  condenser 
(<5),  i.e.,  the  column  resistance.  The  filling  (h  = 
2  mm,  <£  =  1.5  mm)  of  the  column  was  made  of  a 
nickel  net  (1500  holes  per  cm2). 

3700  gm  of  heavy  water  were  poured  into  arrange- 
ment L 

The  heavy  water  was  obtained  electrolytically  and 
had  a  concentration  of  99.56%  deuterium  and  0.35% 
heavy  isotopes  of  oxygen ;  arrangement  M  was  sup- 
plied with  3550  gtn  of  heavy  water  obtained  by  distil- 
lation, with  a  deuterium  concentration  of  99.67%  and 
1.2%  of  heavy  isotopes  of  oxygen. 

In  this  work  the  rectification  column  was  used  as 
an  instrument  serving  to  extract  the  light  components 
of  the  product  poured  in,  and  thus  obtaining  the  most 
concentrated  final  product.  In  the  separation  process 

Original  language:  Russian. 


the  column  was  closed.  For  a  certain  period  of  time 
(one  cycle)  the  column  worked  without  sample 
selection.  At  the  end  of  each  cycle,  the  liquid,  en- 
riched with  the  light  isotope  of  hydrogen  was  drained 
out  of  the  collector.  The  concentration  of  deuterium 
in  the  system  rose.  A  cycle  of  continuous  operation 
of  the  column  lasted  120  hours,  after  which  the  liquid 
was  drained  from  the  collector  and  analyzed:  the 
column  was  flooded  and  was  then  brought  into  nor- 
mal operation  with  a  new  cycle.  A  total  of  18  cycles 


Figure  1.  Scheme  of  rectification  column:  (1)  boiler;  (2)  valve;  (3) 
column;  (4)  glass  windows;  (5)  mixer  and  collector;  (6)  powerful 
condenser;  (7)  glass  flask  protector;  (8)  mirror;  (9)  heat  insulation; 
(10)  electric  boiler  heater;  (11)  column  heating  jacket;  (12)  boiler; 
(13)  condenser;  (14)  glass  flask  for  taking  samples;  (15)  metal 
capillary  (0  =  1  mm),  (16)  vacuum  rubber  connections  at  joints; 
(17)  clamp;  (18)  coolant  feed;  (19)  connection  with  mercury  lock; 
(20)  connection  with  mercury  differential  pressure  gauge;  (21) 
connection  with  vacuum  pump;  (22)  connection  with  dry  air 
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were  conducted  with  the  arrangement  L,  and  17 
cycles  with  the  arrangement  M. 

The  densities  of  the  samples  taken  during  operation 
of  the  column  were  measured  by  the  differential 
pyknometric  method.  Ordinary  Moscow  water  was 
used  as  control. 

Measurements  were  taken  at  25°C.  The  isotopic 
composition  of  oxygen  in  the  samples  was  reduced 
to  standard  by  a  reaction  of  isotopic  exchange  with 
dried  natural  carbon  dioxide,  at  a  pressure  of  70 
atm  and  a  temperature  of  90° C.  Water  purification 
was  done  in  a  quartz  apparatus.  Each  sample  was 
boiled  under  reflux  in  the  presence  of  KMnC>4,  and 
three  times  distilled  with  separation  of  10%  of  the 
initial  and  final  fractions. 

Figures  2a  and  2b  give  the  densities  of  samples  from 
the  collectors  and  boilers  for  the  last  cycles  of  the 
arrangements  L  and  M  respectively.  It  may  be  seen 
from  the  graphs  that  the  sample  densities  for  each 
arrangement  taken  from  the  collector  and  boiler  in 
the  last  cycles  coincide  with  measurement  errors 
(±0.00001).  Enrichment  in  each  arrangement  was 
of  the  order  of  6-8,  therefore  it  may  be  considered 
that  the  concentration  of  the  product  in  the  boilers 
in  the  final  cycles  was  of  the  order  of  99.999%. 

Measurements  conducted  on  samples  taken  from 
the  boiler  were  used  to  determine  the  density  of 
isotopically  pure  heavy  water : 

Sample  density 
Cycle  number  ^ati** 

Arrangement    L 

L-16  1.107694 

L-17  1.107690 

L-18  1.107699 

Average    arrangement  1.107694 

Arrangement  M 

M-14  1.107686 

M-15  1.107708 

M-16  1.107677 

M-17  1.107679 

Average  arrangement  1.107688 

Average  from  both  arrangements  1.107691 

*  The  value  dy™  is  a  ratio  of  absolute  density  of  heavy 
water  at  25 °C  to  normal  reference  water  at  25 °C. 

The  value  of  d^r?*  obtained  is  the  mean  value  from 
56  density  measurements.  The  error  in  this  figure  due 
to  accidental  measurement  errors  does  not  exceed 
±  0.00001.  The  following  corrections  must  be  intro- 
duced into  the  value  obtained :  corrections  for  incom- 
plete enrichment  of  the  product  in  the  column,  for 
the  difference  from  the  standard  of  the  isotopic  com- 
position of  oxygen  in  the  samples,  and  for  the  distil- 
lation effect  during  purification  of  samples. 

The  sum  correction  is  +  8  X  10~6.  The  density 
value  of  isotopically  pure  heavy  water  could,  on  the 
basis  of  these  measurements,  be  taken  as 
</2525  =  1.10770  ±  0.00001 

THE  NUCLEAR  MAGNETIC  RESONANCE  METHOD 

The  method  of  isotopic  analysis  utilizing  nuclear 
magnetic  resonance  is  based  on  the  difference  of  the 
magnetic  moments  of  the  nuclei  of  hydrogen  and 
deuterium,  which  makes  it  possible  to  measure  the 


amplitude  of  the  resonance  of  hydrogen  and  deu- 
terium without  mutual  interference  and  ensures  the 
absence  of  systematic  errors  in  saturated  concentra- 
tions, for  example,  in  the  case  of  the  concentration 
of  deuterium  close  to  100%.  In  the  absence  of  one  of 
the  isotopes  the  experimentally  determined  amplitude 
of  the  respective  signal  is  equal  to  zero,  accurate  to 
accidental  errors  of  measurements,  which  errors  are 
determined  chiefly  by  the  fluctuating  noise  of  the 
input  cascades  of  the  apparatus  used. 

Measurements  of  isotopic  concentrations  are  con- 
ducted by  a  relative  method,  by  comparison  of  the 
amplitudes  of  the  signals  from  the  standard  sample 
and  the  sample  being  investigated,  which  samples 
are  of  identical  chemical  composition.  Obvious  con- 
siderations demand  the  measurement  of  the  signal 
amplitude  corresponding  to  an  isotope,  the  concen- 
tration of  which  is  less  in  the  sample. 

For  conducting  measurements  using  a  magnet  with 
a  negligible  non-uniformity  of  field,  the  accuracy  of 
measurement  is  determined  only  by  the  magnitude  of 
the  noise  and  the  degree  of  the  constancy  of  amplifica- 
tion in  the  recording  apparatus.  If  widening  due  to 
non-uniformity  of  the  magnetic  field  is  commensur- 
ate with  the  natural  line  width,  interference  of  sig- 
nals from  various  parts  of  the  samples  arises,  which 
considerably  increases  the  dependence  of  the  meas- 
ured results  on  the  geometry  of  the  instrument  and 
reduces  the  measured  accuracy.  Control  experiments 
showed  that  for  good  reproducibility  it  is  sufficient 
for  the  experimental  line  broadening  to  be  several 
times  less  than  the  natural  width.  The  natural  line 
width  is  changed  in  a  wide  range  depending  upon  the 
chemical  composition  of  the  sample;  for  protons  in 
water  it  is  of  the  order  of  0.1  cycle  per  second.  The 
conducting  of  measurements  with  a  line  of  such  a 
small  width  would  require  a  uniform  field  in  the 
main  body  of  the  sample,  with  an  accuracy  of  the 
order  of  a  fraction  of  a  millioersted.  In  order  to  avoid 
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Figure  2.  Densities  of  samples  from  collectors  and  boilers  for  last 
cycles:  (a)  arrangement  L;  (b)  arrangement  M:  samples  from  boiler; 
samples  from  collector;  numbers  of  cycles  are  plotted  on  abscissa 
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Figure  3.  Block     scheme     of     equipment     for     measuring     signal 

amplitudes    of   nuclear    magnetic   resonance:   (1)    audio-frequency 

generator;  (2)  generator,  detector,  amplifier;  (3)  synchronous  filter; 

(4)  cathode  oscillograph 

this,  measurements  of  the  signal  amplitudes  were 
conducted  on  samples  which  contained  paramagnetic 
salts  that  increase  the  natural  linewidth  to  values 
that  are  in  accordance  with  the  degree  of  the  field 
uniformity  of  the  magnet  being  used.  In  order  to 
obtain  satisfactory  results  in  this  case,  field  uniform- 
ity in  the  main  body  of  the  sample  of  the  order  of 
0.1  oersted  is  sufficient. 

The  use  of  paramagnetic  salts  for  increasing  the 
self -broadening  of  the  line  also  simplifies  to  a  great 
extent  the  dependence  of  the  signal  amplitude  of 
nuclear  magnetic  resonance  on  isotopic  concentra- 
tion. For  diamagnetic  liquids,  e.g.,  for  pure  water, 
this  dependence  may  prove  to  be  nonlinear,  since 
aside  from  the  trivial  proportionality  between  the 
number  of  nuclei  of  a  given  isotope  in  the  sample 
and  the  signal  strength,  the  latter  may  depend  upon 
the  isotopic  concentration  also  because  of  changes  in 
relaxation  times.  In  aqueous  solutions  of  paramag- 
netic salts,  the  basic  mechanism  of  establishing  ther- 
mal equilibrium  is  the  interaction  of  the  magnetic 
moment  of  the  nuclei  with  the  considerable  greater 
moments  of  the  paramagnetic  ions.  This  interaction 
does  not  depend  on  isotopic  concentrations.  The  sig- 
nal amplitude  in  this  case  is  strictly  proportional  to 
the  concentration  throughout  the  whole  range  of 
changes  in  isotopic  concentration. 

The  apparatus  designated  for  analytical  purposes 
should  ensure,  aside  from  high  sensitivity,  stability 
of  instrument  readings  in  time  and  constant  gradua- 
tion of  the  instrument  when  samples  are  changed. 

Most  important  for  constant  instrument  readings  is 
the  selection  of  the  input  cascade  scheme.  Schemes 
making  use  of  high-frequency  compensation  (the 
block  scheme  and  bridge  schemes)  are  only  slightly 
fitted  for  analytical  purposes.  Instruments  of  this 
type  register  a  certain  mixture  (depending  on  regu- 
lation) of  the  signals  of  dispersion  and  absorption. 
Compensation  disturbances  taking  place  as  a  result 
of  temperature  variation  of  the  instrument  and,  in 


particular,  when  the  samples  are  changed,  change 
greatly  the  form  and  amplitude  of  the  signals.  We 
used  instruments  without  compensation.  The  coil 
into  which  the  sample  was  placed  was  directly  con- 
nected with  a  detector.  High-frequency  voltage  was 
fed  from  an  external  generator.  Instruments  of  this 
type  (when  the  circuit  is  brought  into  resonance 
with  the  frequency  of  the  external  generator)  regis- 
ter absorption  without  the  admixture  of  the  disper- 
sion signal  and  make  it  possible  to  obtain  a  repro- 
clucibility  of  signal  amplitudes  sufficient  for  analytical 
purposes.  The  sensitivity  of  the  apparatus  used  in 
this  work  makes  it  possible  to  determine  the  hydrogen 
content  in  concentrated  heavy  water  with  an  abso- 
lute error  not  exceeding  0.01%. 

The  above  mentioned  absence  of  systematic  errors 
in  the  region  of  small  isotopic  concentrations  make 
it  possible  to  use  this  method  for  determining  the 
density  of  isotopically  pure  heavy  water.  0.1M  solu- 
tions of  CuSO4  in  heavy  water  with  various  concen- 
trations of  deuterium  including  two  solutions  in 
heavy  water  of  highest  possible  concentration  were 
prepared  for  measurements. 

The  isotopic  composition  of  oxygen  in  heavy  water 
was  preliminarily  reduced  to  standard  by  isotopic 
exchange  with  COo.  From  the  initial  solutions,  9 
samples  of  4-cm  volume  were  prepared,  which  were 
used  for  measurement  of  signal  amplitudes  of  nuclear 
magnetic  resonance.  The  dissolved  CuSO4  played 
the  role  of  a  paramagnetic  catalyst  in  the  measure- 
ments ensuring  optimum  measurement  conditions. 
The  same  initial  solution  was  subjected  to  standard 
purification  and  was  used  for  measuring  the  density 
by  the  differential  pyknometric  method.  The  density 
of  the  isotopically  pure  heavy  water  was  determined 
by  linear  extrapolation  of  the  results  to  a  zero 
concentration  of  hydrogen. 

Safety  measures  were  taken  while  filling  the 
ampoules  and  making  the  density  measurements. 
The  purpose  of  the  measures  was  to  reduce  the  dilu- 
tion of  the  samples  by  natural  water. 

CuSO4,  repeatedly  recrystallized  from  concen- 
trated heavy  water,  was  used  for  preparation  of 
solutions  and  this  made  it  possible  to  obtain  solutions 
with  a  small  content  of  the  light  hydrogen  isotope 
and  thus  to  improve  the  results  of  extrapolation  to 
zero  concentration  of  the  light  isotope.  The  small 
quantities  of  the  light  isotope  that  were  introduced 
with  the  water  of  crystallization  were  automatically 
taken  account  of  in  further  measurements  and  were 
not  therefore  a  source  of  errors. 

For  measurements  of  signal  amplitudes  of  nuclear 
magnetic  resonance,  use  was  made  of  narrow-band 
systems  of  two  types;  the  synchronous  filter1 
and  the  synchronous  (phase  sensitive)  detector.  The 
corresponding  block  schemes  are  given  in  Figs.  3 
and  4.  Amplitude  modulation  of  the  magnetic  field 
(which  amplitude  exceeded  considerably  the  width 
of  the  resonance  line)  was  used  in  the  case  of  the 
synchronous  filter.  The  resonance  line  was  observed, 
with  the  aid  of  the  cathode  ray  oscillograph,  in  the 
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form  of  a  narrow  peak  accompanied  by  damped 
oscillations.2  Measurements  were  made  of  the 
difference  of  the  ordinates  of  the  first  maximum  and 
the  minimum  of  the  oscillogram  with  the  aid  of  a 
calibrated  potentiometer  in  the  circuit  of  the  vertical 
sweep  of  the  cathode  ray  oscillograph.  In  making 
measurements  with  saturated  solutions  the  signal/ 
noise  ratio  at  the  input  of  the  synchronous  filter  was 
considerably  less  than  unity;  the  use  of  the  syn- 
chronous filter  made  it  possible  to  raise  the  signal/ 
noise  ratio  to  a  value  of  the  order  of  five. 

Measurements  with  the  synchronous  detector  were 
carried  out  in  the  usual  way.  The  signal  was  regis- 
tered on  a  recorder.  Both  methods  produced  results 
that  coincided  within  the  experimental  error. 

The  results  of  one  of  a  series  of  measurements 
relating  to  four  initial  solutions  are  given  in  Fig.  5, 
where  the  averaged  density  values  are  placed  on  the 
X-axis  and  the  values,  obtained  by  separate  meas- 
urements of  the  hydrogen  concentration  (in  arbitrary 
units)  are  plotted  on  the  Y-axis.  The  averaged 
results  are  given  in  the  following  table : 


1.107637 
1.107632 
1.107362 
1.106881 


Hydrogen  concentration 
(in  arbitrary  units) 
0.230 
0.234 
0.987 
2.250 


Normalization  of  the  measurements  gave  the  fol- 
lowing result : 

daBa»  =  1.10772  it  0.00001 

THE  MASS  SPECTROMETRIC  METHOD 

For  the  mass  spcctrometric  analysis  of  water  it  is 
best  to  introduce  into  the  mass  spectrometer  a 
gaseous  mixture  of  deuterium  and  hydrogen  in  which 
the  concentration  of  D  and  H  corresponds  to  the 
concentration  of  D  and  H  in  the  water  being 
analyzed.  In  the  mass  spectrometer  designed  for 
analyzing  heavy  water  having  a  high  concentration 
of  deuterium,  the  ions  of  mass  3  and  4,  accelerated 
by  a  constant  potential,  on  leaving  the  ion  source 
enter  the  magnetic  analyser.  The  permanent  magnet 
has  pole  pieces  which  are  made  in  the  form  of  a 
sector  with  the  apex  angle  equal  to  30  degrees.  At  its 
input,  the  instrument  has  two  collectors,  which 
permit  simultaneous  registration  of  currents  of  Do"1" 
and  HD+  ions.  The  ratio  of  the  ion  currents  is 
measured  with  the  aid  of  a  compensation  set.*  The 
concentration  of  deuterium  in  the  water  being  investi- 
gated is  calculated  from  the  measured  ratio  of  the 
ion  currents. 

The  design  of  the  mass  spectrometric  setup  has 
the  following  peculiarities : 

1.  The  tube  of  the  instrument  may  be  heated  to  a 
temperature  of  500-600° C  and  the  vacuum  system 
to  350°C. 

2.  The  special  design  of  the  ion  source  permits 
measurements    being    made    by    the    two-filament 

*  This  set  coincides,  in  its  main  part,  with  Nier's  set  pub- 
lished in  1947.» 


Figure  4.  Block     scheme     of     equipment     for     measuring     signal 

amplitudes    of   nuclear    magnetic    resonance:    (1)    audio-frequency 

generator;    (2)    generator,    detector,    amplifier;    (3)    synchronous 

detector;   (4)   self-recorder 

method,  which  ensures  exclusion  of  discrimination 
effects  due  to  the  hot  filament. 

The  gaseous  sample  was  prepared  for  analysis  of 
heavy  water  by  the  ieotopic  exchange  method  of 
the  following  reactions : 


D20r  +  HD 

2      hq 


-.  HDD,.   +  D, 

hq  * 


The  equilibrium  constant  of  this  reaction  is  K  =  3.33 
at  25  °C.  Platinum  black  was  used  as  catalyst.  Con- 
ditions ensuring  a  complete  exchange  reaction  were 
investigated  experimentally  ;  sample  preparation 
procedure  ensuring  0.01%  measurement  accuracy  for 
the  concentration  of  deuterium  was  worked  out.  Con- 
centrations of  deuterium  and  hydrogen  in  the  heavy 
water  being  analysed  are  computed  on  the  basis  of 
the  measured  ratio  of  ion  currents 
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The  total  error  in  determining  the  concentration 
of  deuterium  in  heavy  water  is  made  due  to  errors  in 
the  value  of  «  and  the  error  of  exchange  reaction  and 
equilibrium  is  0.01-0.02%. 

A  number  of  corrections  were  introduced  into  the 
measured  value  of  «. 

1.  Correction   for   instrumental   resolving  power. 
This  correction  was  determined  during  each  meas- 
urement from  the  mass  spectrogram.  It  was  +  0.02% 
of  the  deuterium  concentration  being  measured. 

2.  Correction  for  the  dependence  of  the  ratio  of 
ion  currents  upon  the  filament  of  the  ion  source.  It 
was  .found   experimentally   that   the   necessity    for 
introducing    this    correction    was    caused    by    the 
catalytic   action  of  the  hot  filament,  which  brings 
about   an    intensive   exchange   of   the   gas   in    the 
molecular  flow  with  the  gas  adsorbed  on  the  internal 
surface  of  the  instrument. 
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The  presence  of  two  filaments  in  the  ion  source 
made  it  possible  to  determine  the  value  of  this 
correction  experimentally.  This  correction  in  an 
instrument  well  freed  of  hydrogen  is  +  (0.01  -~- 
0.005%)  of  the  concentration  of  deuterium  being 
measured. 

3.  Correction  for  formation  in  the  ion  source,  of 
ions  different  from  D2+  and  HD+. 

In  measuring  a  gas  with  a  concentration  of 
deuterium  that  exceeds  99%,  only  ions  of  mass  6 
and  2  (D3+  and  D+)  are  of  importance.  It  was 
possible  to  estimate  this  correction  by  direct  meas- 
urement of  the  peak  intensities  of  these  masses.  The 
value  of  this  correction  is  +  (0.01  ~-  0.05%)  of  the 
concentration  of  deuterium. 

A  modified  procedure  for  mass  spectrometric 
measurements  was  used  to  determine  the  density  of 
100%  heavy  water. 

Heavy  water  samples  were  taken  from  the 
pyknometer  in  which  their  densities  were  deter- 
mined, in  special  ampoules.  The  ampoules  were 
preliminarily  degassed  in  a  high  vacuum  (10~5  mm 
Hg).  The  thin  end  of  an  evacuated  ampoule  was 
broken  inside  the  liquid. 

The  gas  used  for  isotopic  exchange  contained 
99.75  rb  0.01%  deuterium.  This  same  gas  was  used 
to  clean  the  instrument  before  each  analysis.  The 
cleaning  was  continued  until  a  constant  value  of 
a  (5-8  days)  was  obtained. 

Measurements  of  the  densities  and  concentration 
of  deuterium  were  made  on  four  samples  of  heavy 
water.  The  results  of  these  measurements  contain 
all  necessary  corrections  and  are  given  in  the  follow- 
ing table  : 


1.107637 
1.107586 
1.107362 
1.106881 


99.90  ±0.01 
99.85  ±0.01 
99.65  ±0.02 
99.16  ±0.02 


1.1088        1.1070      1.1072         1,1074      1,10761,10771,1078 


Figure  5.  Extrapolation  to  zero  concentration  of  the  results  of  a 

series  of  measurements  of  hydrogen  (nuclear  magnetic  resonance 

method):  Cn  =  hydrogen  concentration  in  arbitrary  units 
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Figure  6.  Extrapolation  of  results  of  measurements  to  zero 

concentration  of  hydrogen  (mass  spectrometric  method); 

CH  —  hydrogen  concentration  in  percentage 

Using  these  values,  linear  dependence  between 
density  and  concentration  was  obtained  by  the 
method  of  least  squares.  This  dependence  is  shown 
in  Fig.  6.  Extrapolation  of  the  linear  dependence 
obtained  to  100%  concentration  of  deuterium  gives 
the  following  values  of  the  density  of  100%  heavy 
water. 

d8525  =  1.10774  ±0.00002 

CONCLUSION 

The  table  on  this  page  gives  a  comparison  of  the 
density  measurements  of  isotopically  pure  D2O 
carried  out  by  different  investigators  in  the  course 
of  the  last  ten  years. 

An  analysis  of  these  data  make  possible  the  fol- 
lowing conclusions: 

1.  The    results    obtained    by    methods    utilizing 
determinations  of  isotopic  concentrations,  the  deter- 
minations  being   independent   of   density   measure- 
ment, agree  within  the  limits  of  experimental  error. 

2.  The  result  obtained  by  the  method  limited  to 
measurements    of    densities    is    0.002    ~    0.004% 
below  the  results  obtained  by  other  methods,  which 
is  apparently  connected  with  the  use  of  a  product 
with   an   unmeasured   concentration   of   deuterium. 

3.  The  differences  between  the  results  obtained  by 
various  methods  may  easily  be  explained  if  we  take 
account  of  the  fact  that  the  main  source  of  systematic 
errors  is  the  dilution  by  natural  water  during  meas- 
urement operations  and  in  the  process  of  preparing 
a  saturated  concentration  sample. 

In  the  method  that  is  limited  to  density  measure- 
ment dilution  of  the  sample  may  lead  only  to  a 
reduction  of  the  measured  value  of  d2r,25. 

Dilution  of  the  sample  during  the  filling  of  am- 
poules that  are  used  for  measuring  the  signal  ampli- 
tude of  nuclear  magnetic  resonance  is  apparently 
negligible.  The  basic  source  of  systematic  errors  is 
dilution  of  the  samples  during  density  measurement, 
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which  may  lead  only  to  a  reduction  of  the  measured 
value  of  fl?2525. 

In  the  method  that  makes  use  of  the  mass  spectro- 
meter, dilution  of  the  sample  during  measurement 
may  lead  only  to  an  increase  in  the  measured  value 
of  </2526. 

4.  In  the  measurements  conducted  by  the  density 
method  and  the  mass  spectrometer  method,  an 
accuracy  close  to  the  possibility  limits  of  these 
methods  has  been  obtained. 

In  the  method  which  used  nuclear  magnetic 
resonance,  the  source  of  systematic  errors  may  be 
reduced  considerably  if  measurements  of  density 
and  hydrogen  concentration  are  made  on  the  same 
samples,  making  use  of  a  pyknometer  filled  with  a 


sample  of  heavy  water.  However,  for  this  purpose 
it  is  necessary  to  work  out  a  method  of  measuring 
the  signal  amplitudes  of  nuclear  magnetic  resonance 
on  samples  of  heavy  water  that  do  not  contain  para- 
magnetic catalysts. 
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The  Distribution  of  Isotopes  in  Some 
Natural  and  Industrial  Waters  of  Yugoslavia 

By  L.  Knop,  Yugoslavia 


Following  the  papers  of  Ruber,1  Wirtz,2  Lamb 
and  Lee,3  Hall  and  Jones,4  Richards,5  Vukanovic  and 
Pavlovic,"  we  tested  the  pyknometer,  the  magnetic 
float  and  the  temperature  float  methods.  The  last 
two  were  preferred.  The  magnetic  float  was  designed 
for  our  own  use,  but  it  was  of  a  much  modified 
design  compared  with  tho.se  referred  to  in  older 
papers.  A  S-mm  long  and  0.7-mm  thick,  strong 
permanent  magnet  was  sealed  in  the  quartz  float. 
The  volume  of  the  best  float  was  0.1  ml.  Its  weight 
was  adjusted  for  the  temperature  interval  of 
20-21° C  by  careful  etching  with  hydrofluoric  acid. 
The  sample  tube,  in  the  shape  of  a  test  tube,  was 
made  of  quartz  and  provided  with  ra'  closely  fitting 
stopper.  The  tube  was  calibrated  for  one  ml  samples 
and  kept  in  an  air  thermostat  which  was  controlled 
from  outside  by  water  at  constant  temperature.  A 
temperature  constancy  of  0.002° C  was  achieved.  The 
electric  current  flowing  through  an  electromagnet 
below  the  sample  tube  was  measured.  The  current 
was  so  adjusted  that  the  float,  set  at  a  fixed  mark, 
just  began  to  rise  again.  In  constructing  the  appara- 
tus great  care  was  taken  to  center  the  position  of  the 
sample  tube  in  the  thermostat,  and  all  ferromagnetic 
parts  were  eliminated.  Single  measurements  gave 
a  deviation  of  zh  1.4  y  density  units.  Some  dis- 
turbances in  measurements  were  seen  to  be  pro- 
duced by  strong  magnetic  and  strong  electric 
machines  which  were  located  10-20  m  away.  Pre- 
cision work  with  the  float  could  be  achieved  only 
when  the  machines  were  not  operated.  These  dis- 
turbances did  not  occur  in  our  work  with  the  tem- 
perature float  which  was  designed  for  larger  samples 
and  developed  after  the  papers  mentioned  above  and 
after  those  of  Lewis  and  McDonald,7  as  well  as  after 
the  papers  by  Emeleus  arid  co-workers.8  Some 
alterations  were  made  in  the  design  of  the  apparatus, 
and  it  was  adjusted  to  suit  our  working  conditions. 
The  graduated  3-ml  quartz  sample  tube  was  not  im- 
mersed in  the  water  thermostat.  Water  in  a  Hoeppler 
ultrathermostat  was  constant  only  to  ±  0.01  °C 
which  was,  however,  too  low  for  our  requirements. 
Water  was  circulated  through  two  tubes  into  a  well 
insulated  vessel.  A  double-walled  cylinder,  filled  with 
water,  was  placed  inside  it,  in  such  a  manner  that 
the  water  was  heated  only  by  the  air  between  the 
two  vessels.  The  sample  tube  and  float,  a  Beckmann 


thermometer,  a  glass  heating  or  cooling  coil  and  a 
slow-speed  stirrer  were  immersed  in  the  water  of  the 
inner  cylinder.  Owing  to  the  layer  of  air  between  the 
two  vessels  of  water  it  was  possible  to  maintain  a 
temperature  constant  to  ±:  0.001  °C\  There  was, 
however,  one  disadvantage  that  a  single  measurement 
took  too  much  time.  The  changes  of  temperature  of 
the  sample  were  slow  and  it  took  too  long  to  reach 
equilibrium.  In  order  to  shorten  this  time,  a  new 
tube  was  introduced,  which  led  small  portions  of 
the  thermostat  water  directly  into  the  heating  coil  of 
the  inner  cylinder  until  the  desired  temperature  was 
reached.  Then  the  pipe  was  closed  and  after  a  short 
equilibration  time  the  new  temperature  remained 
constant  for  a  very  long  time.  To  reduce  the  indi- 
vidual error,  two  or  more  thermometers  were 
observed. 

Experiments  were  to  made  construct  the  float 
and  the  sample  tube  of  less  expensive  materials.  In 
the  development  period  a  float  of  Pyrex  glass  was 
used  for  160  measurements  over  a  period  of  5 
months.  This  number  includes  49  check  measure- 
ments of  the  flotation  temperature  of  the  float  in 
our  standard  water,  i.e.,  rigorously  and  uniformly 
purified  city  tap  water.  During  this  period  a  rise  in 
flotation  temperature  of  0.038° C  was  detected.  This 
means  a  decrease  of  8  y  and  a  proportional  error 
of  —0.05  y  d  from  one  analysis  to  another.  This  was 
intolerable,  so  all  Pyrex  and  other  kinds  of  glass 
were  rejected. 

Quartz  proved  much  better,  so  we  used  it  for  the 
redistillation  apparatus,  for  the  float  and  for  the 
sample  tube.  A  quartz  float  of  0.2  ml  volume  showed, 
during  the  first  8  days,  a  decrease  in  weight  of  1.2 
y  established  by  15  analyses.  This  means  the  average 
loss  of  0.08  y  d  per  single  analysis.  Further  use  of  the 
same  float  gave  a  much  lower  loss  per  analysis,  which 
was  0.008  y  d  in  spite  of  necessary  and  repeated 
washing  in  strong  chemicals  such  as  hydrochloric, 
nitric  and  chromic  acid. 

The  analyses  of  water  samples  were  taken  at  a 
temperature  interval  of  20.7°  to  20.9° C  The  real 
floating  temperature  of  a  specific  sample  was  obtained 
by  graphical  methods  from  six  successive  single 
measurements  of  small  rise  or  fall  velocities  of  the 
float.  The  motion  of  the  float  was  observed  by  means 
of  a  cathetometer  (microscope)  and  the  time  needed 
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Table  I 


Method  of 
measurement 


Year        Author 


1.10775±0.00003  Mass  spectrometer  1945  Kirschcnbaum, 

Graff,  Forstet  4 

1.07744  Mass  spectrometer  1945  Woskuil  and 

Barash  4 
1954  Ibberg  and 
Lundberg  6 


1.10774^0.00001  Correction    for 
oxygen  intro- 
duced   into    mea- 
surements of 
Tronsted  5 

1.10770±0,00001  Density  method 

1. 10772 -Jt 0.00001  Nuclear  magnetic 
resonance 

1.10774±0.00002  Mass  spcctromet- 


1951  The  present  work 
1951 

1952  The  present  work 
1952 

1953  The  present  work 


for  a  movement  of  1  mm  was  noticed.  In  the  tempera- 
ture interval  of  ±  0.020°  C  above  or  below  the 
temperature  of  flotation,  the  velocity  of  the  float 
showed  a  linear  relation  with  the  departure  from  the 
true  flotation  temperature.  The  relation  V/dt  was 
specific  and  almost  constant  for  each  single  float. 

The  influence  of  changes  in  barometric  pressure 
on  the  flotation  temperature  was  noticed.  At  pres- 


sures 740  ±L  90  mm  Hg,  and  at  a  temperature  of 
20.745  °C  a  linear  relationship  with  the  measured 
density  was  observed.  It  was  0.0344  y  rf/mm  Hg. 
However,  from  the  papers  published  by  Fromherz, 
Sonderhoff  and  Thomas9  a  greater  value  of  0.0435 
y  d/mm  Hg  was  calculated.  This  difference  is  due 
to  the  different  compressibility  of  the  two  floats  used. 
The  data  in  Table  I  are  corrected  for  a  pres- 
sure of  740-mm  Hg  and  the  figure's  rounded  off  to 
0.1  y  d.  A  method  of  sample  purification  was  worked 
out  which  was  specific  for  each  kind  of  contamina- 
tion. Oxidative,  acid,  basic,  or  combined  treatment 
was  repeated  until  constant  results  were  reached. 
The  purity  of  samples  was  checked  by  measuring 
the  conductivity  of  samples  which  never  exceeded 
2  X  10-G  ohm-1. 

Table  II  on  this  page  gives  some  information 
about  the  abundance  of  isotopes  in  natural  and  in 
industrial  samples  of  home  waters  in  terms  of  density 
deviations.  Most  of  the  results  were  obtained  by 
the  temperature-float  method  and  compared  with 
our  standard  tap  water  of  Ljubljana.  In  spite  of 
great  time  losses,  we  preferred  the  temperature-float 
method  to  the  magnetic-float  method  for  its  reliable 
and  accurate  results.  It  was  found  by  repeated  tests 
that  the  limit  of  accuracy  was  —  0.2  y  density. 


Table  II 


Samp, 
no. 

Place  of 
sampling 

Source 
of  water 

Date  of 
sampling 

Density  yd 
T*C           (lyd  « 
J0-«  g/cm* 

1 

Electric  works, 

Raw  water  of  main  tank 

4/2/54 

-0.001 

-0.2 

Trbovlje 

2 

Electric   works, 

Boiler    (lOOT/h) 

4/2/54 

-f-0.001 

+0.2 

Trbovlje 

Boiler  water 

3 

Electric  works, 

Water   out  of   pond 

9/2/54 

+0.001 

+0.2 

Velenje 

4 

Electric    works, 

Water  out-of-pond,  de- 

9/2/54 

+0.001 

+0.2 

Velenje 

hardened  (soda-lime  process) 

5 

Electric    works, 

Boiler  (20T/h,  400°  C) 

9/2/54 

+0.026 

+5.4 

Velenje 

Boiler  water 

6 

Textile    factory, 

Boiler  feed  water 

27/1/54 

-0.003 

-0.6 

MTT   Maribor 

7 

Textile  factory, 

Boiler  I   (13T/h) 

27/1/54 

+0.002 

+0.4 

MTT   Maribor 

¥'/o  boiler  water 

8 

Textile  factory, 

Boiler  II   (5T/h) 

27/1/54 

0.000 

0.0 

MTT   Maribor 

10%  boiler  water 

9 

Institut 

Distilled    water, 

15/9/53 

-0.004 

-0.8 

"J.  Stefan" 

occasional   sample 

10 

Institut 

Distilled  water,  I  fraction 

5/6/53 

-0.010 

-2.1 

"J.  Stefan" 

100  ml/2000  ml 

11 

Institut 

Distilled  water,  last  but 

5/6/53 

+0.014 

+3.0 

"J.   Stefan" 

one    frac. 

130  ml/2000  ml 

12 

Institut 

Distilled  water,  last  fraction 

5/6/53 

+0.028 

+5.9 

"J.  Stefan" 

55  ml/2000  ml 

13 

Institut 

Distilled    water,    quartz 

11/6/53 

+0.005 

+1.0 

"J.   Stefan" 

apar.  residue  after  40h 

14 

Thermal   bath, 

Thermal  well 

4/3/53 

+0.0005 

+0.1 

Niska  Banja 

15 

Dead  Sea 

Sea  water,  we  are  in- 

24/1/55 

+0.011 

+2.3 

debted  to  Prof.  Sambursky 

for  sample 

(Continued  on  next  page) 
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Table  II.  (Continued) 

Density  yd 

Samp. 

Place  of 

Source 

Date  of 

r*c 

(lyd  = 

no. 

sampling 

of  water 

sampling 

JO-«  g/crn* 

16 

Adria,  bay  near 

Sea   water 

12/2/55 

+  0.01  2 

+2.5 

Koper 

17 

Salt-works,  Piran 

Residual   water  after 

9/12/54 

+0.010 

+3.3 

Sv.  Lucia 

crystallisation   I 

18 

Salt-works,  Piran 

Residual  water  after 

9/12/54 

+0.008 

+1.7 

Sv.   Lucia 

basin  II 

19 

Salt-works,  Piran 

Residual  water  after 

9/12/54 

+0.018 

+3.8 

Sv.   Lucia 

basin  III 

20 

Salt-works,  Piran 

Residual  water  after 

9/12/54 

+0.014 

+2.9 

Sv.    Lucia 

basin   IV 

21 

Salt-works,    Ulcinj 

Residual  water  after 

19/3/53 

+0.022 

+4.6 

basin  29 

22 

I  nst.  "J.  Stefan" 

Residual  water  from  air 

21/1/55 

+0.039 

+8.2 

conditioning  (  1  year  old  ) 

23 

Elektrobosna,  Jajcc 

Water   dehardened  by 

5/2/54 

-0.001 

—0.2 

Wofatit 

24 

Klektrobosna,  Jajce 

Caustic  soda  after 

5/2/54 

+0.002 

+0.4 

electrolysis 

25 

Saturnus  Ljubljana 

Water 

15/2/54 

+0.000 

0.0 

26 

Saturnus    Ljubljana 

Xiekel    plating   bath, 

15/2/54 

+0.009 

+1.9 

10  years  old 

27 

Saturnus  Ljubljana 

Chromium  plating  bath, 

15/2/54 

+0.012 

|  2.5 

7   years   old 

28 

Saturnus  Ljubljana 

Copper  cyanide  bath, 

15/2/54 

+0.001 

+0.2 

2  years   old 

29 

Saturnus  Ljubljana 

Silvering  bath 

15/2/54 

+0.007 

+  1.5 

30 

Sat  urn  us  Ljubljana 

Abandoned    Al- 

15/2/54 

+0.000 

+  1.3 

oxydation  bath 

31 

Unitas,    Ljubljana 

Sulfuric  acid  solution, 

17/2/54 

-0.004 

-0.8 

fresh 

32 

Unitas,    Ljubljana 

Sulfuric  acid  solution, 

17/2/54 

+0.009 

+  1.9 

exhausted 

33 

Iron-works 

Water 

5/2/54 

-0.002 

-0.4 

"Zelezarna  Jesenicc" 

34 

Iron  -works 

Sulfuric  acid  bath, 

5/2/54 

+0.010 

+2.1 

"Zelezarna  Jcsenicc" 

exhausted 

35 

Copper-works,   Bor 

Water  for  electrolysis 

16/3/54 

-0.009 

-1.9 

"Ba/.cn  Bor" 

36 

Copper-works,    Bor 

Copper  re  filiation 

16/3/54 

+0.021 

+4.4 

"Bazen  Bor" 

electrolyt 

37 

Brewery  "Union", 

Original  water 

24/11/54 

-0.001 

-0.2 

Ljubljana 

38 

Brewery  "Union", 

Malt 

24/11/54 

+0.011 

+2.2 

Ljubljana 

39 

Brewery    "Union", 

Beer,  water  fraction 

24/11/54 

+0.005 

+  1.1 

Ljubljana 

40 

Brewery   "Union", 

Beer,  alcohol  fraction 

24/11/54 

-0.048 

-10.0 

Ljubljana 

burned  in  oxygen 

41 

Brewery    "Union", 

Beer,  residue  after 

24/11/54 

+0.012 

+2.5 

Ljubljana 

distillation,  burned  in 

oxygen 

42 

Brewery   "Union", 

Beer,  total,  burned  in 

24/11/54 

+0.002 

+0.4 

Ljubljana 

oxygen 

43 

Gasworks,  Ljubljana 

City,  tap  water 

28/8/53 

0.000 

0.0 

44 

Gasworks,  Ljubljana 

Condensate  from  air 

28/8/53 

+0.007 

+1.5 

cooler 

45 

Gasworks,  Lj  ublj  ana 

Condensate   from 

28/8/53 

+0.002 

+0.4 

water  pipe  cooler 

46 

Gasworks,  Ljubljana 

Water  out  of  scrubber 

28/8/53 

+0.001 

+0.2 

47 

Gasworks,  Ljubljana 

Gas,  dry,  burned  in  air 

28/18/53 

0.000 

0.0 

48 

Elektrobosna,  Jajce 

Hydrogen  tank  I 

5/2/54 

-0.016 

-3.4 

49 

Elektrobosna,  Jajce 

Hydrogen  tank  II 

5/3/54 

-0.035 

-7.6 

(Continued  on  next  page) 
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Table  II.  (Concluded) 

Samp, 
no. 

Place  of 
sampling 

Source 
of  water 

Date  of 
sampling 

T*C 

Density  "yd 
(1-yd  = 
10-*  g/cm* 

50 

Hydrogen   works, 

Hydrogen  tank  II 

30/3/54 

-0.015 

-3.2 

Lambach 

51 

Chem.   factory, 

Water 

— 

-0.002 

-0.4 

Hrastnik 

52 

Chem.    factory, 

Residual  water  after 

25/2/54 

0.000 

6.0 

Hrastnik 

soda   crist. 

S3 

Chem.  factory, 

Mother  liquor 

25/2/54 

-0.001 

-0.2 

Hrastnik 

chromium  alumn. 

54 

.Chem.  factory, 

Mother  liquor  iron  sulfate 

25/2/54 

+0.002 

+0.4 

Hrastnik 

55 

Zink  works, 

Mother  liquor  copper  sulfate 

23/1/55 

+0.010 

+2.1 

"Cinkarna  Celje" 

56 

Zink  works, 

Mother  liquor  chromium  alumn. 

23/1/55 

+0.004 

+0.8 

"Cinkarna  Celje" 

57 

Chem.   factory, 

Mother  liquor  copper  sulfate 

3/2/55 

+0.006 

+  1.3 

"Zorka  Sabac" 
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Temperature  Dependence  of  the  Deuterium  Distribution 
in  the  Reaction  LiAlH4  +  4  HDO 

By  P.  Savtt,  N.  Dogramadzi,  M.  Novakovtt,*  Yugoslavia 


The  distribution  of  deuterium  in  the  reaction 
LiAlH4  +  4  HDO  at  80°,  60°,  20°,  0°C  was 
examined  and  it  was  found  that  after  the  reaction, 
the  concentration  of  deuterium  was  reduced  to  almost 
half  the  initial  value.  With  decrease  of  temperature 
the  concentration  of  deuterium  in  the  gaseous  phase 
is  diminished  only  very  slightly. 

The  exchange  between  the  deuterium  of  heavy 
water  and  the  products  of  reaction  (LiOH  and 
A1(OH)3)  was  examined. 

The  concentration  of  deuterium  in  the  solvents 
(dioxane  and  di-n-butyl  ether)  after  the  reaction 
was  investigated.  No  exchange  was  observed. 

The  hydrogen  from  this  reaction  can  be  used  for 
determination  of  deuterium  in  heavy  water  in  the 
concentration  range  of  0.017-0.815%  D2  by  means  of 
mass  spectrometer. 

INTRODUCTION 

LiAlH4  is  often  used  in  reduction  reactions  in 
organic  chemistry.  In  these  reductions,  strongly 
negative  elements,  such  as  O2,  N2,  Cl,  Br,  and  1, 
are  displaced  by  the  hydrogen  from  hydride.1'2 

As  a  Grignard  reagent,  LiAlH4  can  be  used  for  the 
determination  of  mobile  (active)  hydrogen  atoms.3 
Bake  and  MacNevin4  have  used  LJA1H4  as  a  reagent 
for  the  determination  of  water,  and  they  have  also 
attempted  to  explain  the  mechanism  of  that  reaction. 
According  to  them,  if  there  is  an  excess  of  LiAlFU, 
the  reaction  would  not  stop  at  : 

LiAlH4  +  4H2O-»  LiOH  +  A1(OH)S  -I-  4H2 
but  would  continue  with  the  reactions: 


4A1(OH)S+2UA1H4 
-*  2LiOH 


3A12O3  +  H2O  +  8H2 


or: 


LiOH  +  2A1(OH)8  ->  LiH(AlO2) 


3H2O 


so  that  the  molar  ratio  H2/H2O  would  be  equal  to 
1.6  and  not  1.  Wendwer  et  at.5  have  made  use  of  this 
reaction  to  produce  pure  HD.  The  purity  of  HD  or 
the  percentage  of  112  and  D2  depended  on  the 
temperature  and  the  molar  ratio  of  H2O  to  LiAlH4. 
Since  the  reaction  of  LiAlH4  with  water  is  con- 
venient for  evolution  of  hydrogen  we  have  tried  to 
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apply  this  method  for  the  preparation  of  deuterium 
for  analysis  of  the  D2  concentration  in  water  by 
means  of  a  mass  spectrometer. 

As  the  ratio  of  H2  to  D2  changes  with  the  varia- 
tion of  the  molar  ratio  and  temperature  we  have 
undertaken  to  examine  the  deuterium  distribution  at 
different  temperatures  during  this  reaction.  We  have 
also  examined  the  exchange  between  heavy  water 
and  the  solvents  used  (dioxane  and  di-w-butyl  ether), 
as  well  as  the  products  of  the  reaction:  LiOH  and 
Al(OH)a  so  as  to  obtain  information  regarding  the 
mechanism  of  the  reaction  for  the  molar  ratio  of 
LiAlH4/H2O  equal  to  1/7.5. 

EXPERIMENTAL   PROCEDURE 

Special  attention  was  paid  to  the  preparation  of 
solvents.  250  ml  of  dioxane  or  di-n-butyl  ether  were 
first  heated  under  reflux  with  Na.  When  Na  stopped 
reacting,  0.5-gm  of  LiAlH4  were  added  and  the 
contents  transferred  to  a  Claisen  flask  which  was 
connected  via  a  condenser  to  a  vacuum  system 
(Fig.  1).  After  the  solvent  had  been  frozen  with 
liquid  air  and  the  system  evacuated,  purification  of 
the  solvent  was  continued  by  heating  in  an  oil  bath 
at  80-90°C,  for  2-3  hours.  The  solvent  was  then 
distilled  in  vacuo  arid  the  whole  procedure  repeated 
until  reaction  with  LiAlH4  ceased,  e.g.,  until  in 
the  system  consisting  of  250  ml  of  solvent  and  0.5 
gm  of  LiAlH4  at  80° C,  a  hydrogen  pressure  of 
8-10  cm  was  developed  only  after  2  hours.  The 
solvent  was  distilled  from  LiAlH4  and  then  used  in 
the  reaction.  A  measured  amount  of  LiAlH4  was 
heated  with  the  solvent  for  one  hour  at  80-90°  C,  and 
after  being  frozen  with  liquid  air  it  was  evacuated. 
A  given  amount  of  water  was  then  added.  Com- 
bustion of  the  hydrogen  took  place  in  the  CuO  tube, 
and  methane  was  produced  from  the  condensed 
water  by  use  of  a  Grignard  reagent.  The  concentra- 
tion of  deuterium  in  the  methane  was  measured  with 
a  mass  spectrometer  being  a  method  previously 
described.6 

EXPERIMENTAL  RESULTS 

For  the  rection  with  LiAlH4,  the  concentrations 
of  the  water  in  mol  %  D2  were:  0.274,  0.530,  0.815. 
The  molar  ratio  of  water  to  LiAlH4  was  7.5.  Since 
the  reaction  is  exothermic  it  was  difficult  to  main- 
tain the  temperature  within  very  narrow  limits.  The 
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Figure  1.     The  equipment  for  the  reaction  of  LIAIH*  with  water 


temperature  obtained  after  introduction  of  water 
into  the  ether  solvent,  and  then  maintained  by  slow 
heating,  was  considered  as  the  temperature  of  the 
reaction. 

Table  I 


Initial  cone. 
DI  in  water 

Temp,  of 
reaction 

Reaction 
time  in  min 

Cone,  of  Dt 
in  hydrogen 

0.274 

o°c 

30 

0.1  14  ±0.005 

0.274 

60°C 

28 

0.122 

0.530 

0°C 

30 

0.270 

0.530 

20°C 

30 

0.270 

0.530 

80°  C 

30 

0.270 

0.815 

0°C 

28 

0.390 

0.815 

20°  C 

28 

0.398 

The  concentrations  of  deuterium  in  the  hydrogen 
after  the  reaction  with  LiAlH4  and  HDO,  are  given 
in  Table  I  together  with  the  temperature  and  the 
reaction  time. 

As  LiOH  and  A1(OH)3  are  formed  during  the 
reaction,  an  exchange  could  take  place  between 
the  deuterium  from  the  heavy  water  and  the 
hydrogen  from  hydroxyl  groups.  For  that  reason  we 
have  examined  the  exchange  of  LiOH  and  A1(OH)3 
with  water  enriched  in  deuterium.  LiOH  and 
A1(OH)3  were  first  dried  at  120°C  for  6  hours 
and  then  evacuated  for  1  hour.  After  the  heavy 
water  was  introduced,  the  whole  system  was  shaken 
at  20° C.  Finally  the  water  was  distilled  off  under 
vacuum  and  analysed.  The  experimental  results  are 
given  in  Table  II. 

Table  II 


Compound 

Exchange 
time  in  hr 

Molar   ratio 
XiHDO* 

Equilibrium 
constant 

LiOH 

0.5 

1:2.4 

0.6 

LiOH 

10 

1  :  2.4 

0.6 

LiOH 

0.5 

1:5.5 

0.5 

A1(OH)8 

0.5 

1:7 

1.7 

A1(OH)8 

10 

1:7 

1.7 

A1(OH)S 

0.5 

1:8 

1.8 

*X  is  LiOH  or  A1(OH)8, 


Table  II  shows  that  the  exchange  between  hydro- 
gen from  the  ether  and  deuterium  from  the  heavy 
water  is  quite  possible.  The  solvents  dioxane  and 
di-w-butyl  ether  were  therefore,  also  examined. 
After  the  reaction  of  heavy  water  with  LiAlIi4,  the 
solvent  was  separated,  burned  over  CuO  in  an  oxy- 
gen flow.  It  was  found  that  there  was  no  exchange 
between  the  ether  and  the  water. 

DISCUSSION  OF  RESULTS 

The  influence  of  the  temperature  on  the  distribu- 
tion of  heavy  water  during  the  reaction  LiAlH4  + 
4  HDO  is  negligibly  small.  Somewhat  lower  con- 
centration of  P>  at  0°C  is  almost  within  the  limits 
of  error.  Table  I  shows  that  all  investigations  have 
given  the  same  results:  after  the  reaction,  the  con- 
centration of  D2  is  reduced  to  almost  half  the  initial 
value,  in  the  given  time.  We  conclude  therefore,  that 
the  reaction  between  LiAlH4  and  heavy  water  in  the 
molar  ratio  of  1/7.5  proceeds  so  that  the  deuterium 
from  the  water  is  evenly  distributed  between  the 
hydrogen  gas  and  LiOH  and  A1(OH)3.  The  hydro- 
gen from  the  LiAlH4  which  contains  0.017%  of  D2 
combines  in  the  same  molar  ratio  with  the  deuterium 
which  is  liberated  from  the  heavy  water  during  the 
reaction  so  that  the  concentration  of  the  gas  phase 
is  reduced  by  one  half.  The  distribution  of  deuteri- 
um between  LiOH  and  A1(OH)3  is  determined  by 
the  equilibrium  constants,  which  are  0.5  ±:  0.1  for 
LiOH  and  1.7  ±  0.1  for  A1(OH)3. 
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Mr.  M.  BENEDICT  (USA)  presented  paper  P/819. 

Mr.  I.  DOSTROVSKY  (Israel)  presented  paper 
P/774. 

Mr.  P.  BAERTSCHI  (Switzerland)  presented  pa- 
per P/927. 

Mr.  S.  RIBNIKAR  (Yugoslavia)  presented  paper 
P/958  as  follows:  In  one  of  our  earlier  projects,  in 
which  we  compared  the  catalytic  activity  of  certain 
catalysts,  usually  employed  in  hydrogenation,  on  the 
isotope  exchange  reaction  between  heavy  water  and 
hydrogen,  we  found  that  reduced  nickel  tungstate 
was  much  more  active  than  zinc  chromate,  maganese 
chromate  and  chromium  trioxide  (three  catalysts 
used  in  hydrogenation).  It  seemed,  therefore,  worth- 
while studying  the  catalytic  properties  of  certain 
compounds  similar  to  nickel  tungstate. 

Reduced  nickel,  cobalt  and  iron  chromates,  tung- 
states  and  molybdates ;  chromium  tungstate  and  nio- 
lybdate.  reduced  nickel  and  cobalt  oxides  and,  for 
purposes  of  comparison,  a  platinum  catalyst,  were 
synthesized.  All  the  compounds  listed  were  obtained 
by  precipitation  from  aqueous  solutions.  After  dry- 
ing, the  substances  were  reduced  in  a  stream  of 
hydrogen  at  400° C.  Their  surface  areas,  the  amounts 
of  hydrogen  adsorbed  and  the  average  pore  sizes 
were  determined  by  the  usual  methods.  The  exchange 
reaction  was  carried  out  in  an  apparatus  in  which 
there  is  a  constant  flow  of  gas.  The  pure  natural 
hydrogen  passes  through  the  "humidifying  tube," 
where  it  becomes  saturated  with  water  vapour  con- 
taining 0.5  per  cent  D'-O.  The  hydrogen/water  mole 
ratio  is  kept  at  a  value  of  about  4  by  means  of  a 
suitable  thermostatting  device.  The  hydrogen/water 
vapour  mixture  passes  into  the  catalyst  tube  which 
is  held  at  a  temperature  of  110°C.  After  that  the 


water  is  condensed  and  then  analyzed  by  mass  spec- 
trometry.  The  reduction  in  the  concentration  of 
heavy  water  in  the  original  sample  is  taken  as  a 
measure  of  catalytic  activity.  The  results  are  shown 
in  Slide  I  (Table  I  of  P/958). 

The  exchange  reaction  on  nickel  catalysts  is  very 
rapid,  such  that  the  exchange  time  on  their  surfaces 
may  be  of  the  order  of  Viotn  to  1  second.  Chromium 
catalysts  also  show  great  activity,  but  the  activity 
of  cobalt  catalysts  is  very  much  less.  We  were  unable 
to  observe  any  activity  in  the  case  of  catalysts  con- 
taining iron. 

It  can  be  seen  from  the  data  in  Slide  2  (Table  II 
of  paper  P/958)  that,  with  one  slight  exception  in 
the  case  of  reduced  cobalt  chromate,  the  specific  ac- 
tivity falls  sharply  in  the  order:  nickel-chromium- 
cobalt-iron;  similarly  there  is  a  visible  drop  in 
the  order :  tungstates-chromates-molybdates-reduced 
oxides. 

The  data  on  hydrogen  adsorption  clearly  prove 
that  total  adsorption  power  does  not  play  an  essential 
part  in  catalytic  activity  ;  for  example,  the  most  active 
catalyst  ( nickel  tungstate )  adsorbs  ten  times  less 
hydrogen  than  the  inactive  catalysts.  The  absence  of 
exchange  activity  in  iron  catalysts  may  be  interpreted 
in  two  ways : 

1.  It  is  well  known  that  when  iron  catalysts  are 
used  in  ammonia  synthesis,  water  acts  as  a  catalytic 
poison,  and  this  may  also  apply  to  the  isotope  ex- 
change reaction; 

2.  On  the  basis  of  the  work  done  by  Hirota  and 
Horiuti,  who  found  that  the  catalytic  efficiency  of 
metallic  iron  is  200  times  less  than  that  of  nickel 
at  100°C,  it  may  be  assumed  that  such  minute  activity 
is  outside  the  limits  of  sensitivity  of  our  measuring 
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instruments.  For  these  catalysts,  however,  as  also  for 
reduced  cobalt  oxide,  the  exchange  time  is  more 
than  one  minute. 

DISCUSSION  OF  P/819,  P/774,  P/927  AND  P/958 

Mr.  R.  F.  D.  RITCHIE  (New  Zealand) :  The  pro- 
duction of  heavy  water  in  New  Zealand  is  mentioned 
in  Mr.  Benedict's  paper.  As  several  delegates  have 
expressed  interest  in  the  New  Zealand  activities  I 
should  like  to  add  a  few  words  concerning  them. 

Early  in  1950  investigation  of  the  natural  geo- 
thermal  resources  to  be  found  at  Wairaki  in  the 
centre  of  the  North  Island  was  commenced,  and  since 
then  a  number  of  steam  bores  have  been  sunk  with 
encouraging  results.  At  first,  these  investigations 
were  mainly  directed  to  electricity  generation,  but 
as  one  of  the  methods  of  producing  heavy  water  is 
by  distillation  and  as  an  abundant  supply  of  natural 
heat  is  available  in  this  steam,  the  possibility  of  pro- 
ducing heavy  water  as  a  valuable  by-product  was 
later  investigated  in  association  with  United  King- 
dom scientists. 

Early  this  year  a  company  called  Geothermal 
Development  Limited  was  formed  to  exploit  the 
natural  steam,  and  the  stage  has  now  been  reached 
where  as  a  contribution  towards  the  development  of 
nuclear  power  plant  for  industrial  purposes  an  in- 
tegrated plant  to  use  this  natural  steam  for  the  pro- 
duction of  both  electricity  and  heavy  water  is  being 
designed  in  the  United  Kingdom  in  association  with 
leading  mechanical,  chemical  and  civil  engineering 
consultants  engaged  jointly  by  the  company.  It  is 
proposed  that  the  initial  integrated  plant  to  be  con- 
structed for  the  company  will  have  an  installed 
capacity  of  about  40,000  kw,  but  provision  is  being 
made  for  extension  as  additional  steam  becomes 
available  from  further  boring. 

Mr.  E.  ROTH  (France)  :  I  have  two  questions  for 
Mr.  Benedict:  First,  does  he  feel  that  a  method  of 
exchange  between  hydrogen  and  ammonia  alone 
would  be  a  practicable  substitute  in  ammonia  plants 
where  it  might  not  seem  an  economic  proposition 
to  install  hydrogen  distillation  apparatus?  Second, 
could  the  method  mentioned,  of  exchange  between 
hydrogen,  ammonia  and  water  compare  economically 
with  that  of  exchange  between  hydrogen  sulphide 
and  steam  ? 

Mr.  BENEDICT  (USA) :  The  first  question,  if  I 
understood  it  right,  was  whether  it  would  be  desirable 
under  certain  circumstances  to  use  the  exchange  re- 
action between  hydrogen  and  ammonia  to  recover 
deuterium  at  an  ammonia  plant  instead  of  the  dis- 
tillation of  hydrogen.  T  myself  have  not  made  any 
studies  on  this  process,  and  I  really  am  not  in  posi- 
tion to  give  an  assured  answer.  I  would  point  out, 
however,  that  all  these  exchange  processes  have  the 
characteristic  of  not  being  able  to  recover  100  per 
cent  of  the  deuterium  present  in  hydrogen  feed,  and 
for  that  reason  I  think  this  might  be  one  disadvan- 
tage of  this  process. 


The  other  question,  as  I  understood  it,  had  to 
do  with  the  possibility  of  using  a  dual-temperature 
hydrogen-ammonia  exchange  reaction  coupled  with 
an  exchange  reaction  between  steam  and  ammonia 
in  order  to  bring  deuterium  into  the  plant,  a  process 
which  was  mentioned  briefly  in  the  written  presenta- 
tion. Again,  not  having  made  detailed  engineering 
studies,  I  cannot  give  an  assured  answer  but  it  is 
my  feeling  that  the  necessity  for  prbviding  the  addi- 
tional exchange  step  between  steam  and  ammonia, 
together  with  the  fact  that  one  would  need  to  use  a 
catalyst  for  the  ammonia-hydrogen  exchange  por- 
tion of  the  process,  which  according  to  present 
knowledge  would  consist  of  something  like  a  potas- 
sium amide  dissolved  in  liquid  ammonia  which  would 
have  to  be  recovered  <juite  completely  from  the  am- 
monia leaving  the  dual-temperature  portion  of  the 
plant,  would  so  complicate  the  process  and  add  to  the 
cost  as  to  make  the  process  probably  less  attractive 
than  the  other  exchange  process  I  mentioned.  I 
would  not  want  this  to  be  considered  as  a  really 
informed  opinion;  it  is  something  one  would  have 
to  study. 

Mr.  E.  ROMETSCH  (Switzerland) :  Is  it  possible  to 
give  the  ratio  of  capital  costs  and  operating  costs  in 
the  initial  heavy-water  price  of  $28  per  pound? 

Mr.  BENEDICT  (USA) :  I  am  sorry  to  say  that  I 
cannot  give  full  information  in  answer  to  that  ques- 
tion. All  I  can  say  is  that  the  $28  per  pound  as  the 
price  of  heavy  water  is  the  price  which  was  arrived 
at  by  the  accountants  of  the  United  States  Atomic 
Energy  Commission  taking  into  account  the  whole 
information  on  what  it  has  cost  to  build  and  operate 
the  Atomic  Energy  Commission's  plants,  using  con- 
ventional government  accounting  procedures,  and 
was  set  up  so  that  there  would  be  neither  loss  nor 
profit  to  the  United  States  government  in  selling 
heavy  water  at  that  price. 

Mr.  DOSTROVSKY  (Israel):  Could  you  say  some- 
thing of  the  way  in  which  you  overcame  the  cor- 
rosion difficulty  of  H2S  ? 

Mr.  BENEDICT  (USA) :  I  am  afraid  that  is  a  ques- 
tion I  am  just  not  prepared  to  answer. 

Mr.  ROTH  (France)  :  Can  Mr.  Ribnikar  tell  us 
whether  he  measured  the  amounts  of  water  absorbed 
on  the  various  catalysts  and  whether  the  activity 
observed  depended  on  those  amounts? 

According  to  measurements  which  we  have  made 
ourselves,  the  exchange  times  observed  in  the  case 
of  platinum  were  of  the  order  of  a  hundredth  rather 
than  a  tenth  of  a  second.  It  is  possible  that  this 
discrepancy  is  due  to  using  different  proportions. 

Mr.  RIBNIKAR  (Yugoslavia)  :  We  have  not  meas- 
ured the  amounts  of  water  absorbed  in  these  cata- 
lysts, but  if  the  exchange  is  repeated  several  times 
over  a  catalyst,  the  catalyst's  activity  does  not  vary 
by  more  than  about  thirty  per  cent. 

Mr.  BENEDICT  (USA):  I  would  like  to  inquire 
whether  it  would  be  possible  to  have,  in  addition  to 
the  data  given  in  your  paper,  information  on  the 
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amount  of  catalyst  used  in  each  run,  and  the  flow 
rate  of  gas  so  that  it  would  be  possible  to  work  up 
information  in  a  different  manner  than  is  presented. 
Do  you  think  you  could  supply  us  with  that  infor- 
mation ? 

I  also  wanted  to  inquire  whether  you  had  done 
any  work  or  had  any  opinion  on  the  activity  of 
promoted  catalysts  or  catalysts  containing  mixed  ele- 
ments instead  of  the  pure  compounds  which  you 
studied. 

Mr.  RIBNIKAR  (Yugoslavia)  :  I  did  not  quite  un- 
derstand the  term  "mixed  catalysts,'1  as  all  these 
catalysts  are  combinations  of  two  different  elements. 

Mr.  BENEDICT  (USA)  :  The  first  question  was 
whether  it  would  be  possible  to  obtain  additional 
information  on  the  quantity  of  the  catalyst. 

Mr.  RIBNIKAR  (Yugoslavia):  In  these  experi- 
ments there  is  about  a  tenth  of  a  gram  to  a  gram 
of  catalyst  with  a  gram  or  a  little  more  of  water, 
and  a  hydrogen  flux  of  about  four  or  five  litres  per 
hour. 

Mr.  BENEDICT  (USA)  :  I  have  a  question  to  the 
authors  of  paper  P/927.  I  was  very  intrigued  by 
the  account  of  their  very  neat  and  efficient  pilot  plant 
and  wondered  whether  they  could  supply  some  addi- 
tional information  to  give  some  notion  of  the  size  of 
the  equipment  involved.  In  the  case  of  the  pilot 
plant  the  flow  sheet  of  which  was  given,  can  they 
tell  me  the  diameter  of  the  individual  tubes  and  how 
many  tubes  were  used  in  parallel  to  do  the  job? 

Mr.  BAERTSCIII  (Switzerland)  :  for  the  first  stage 
we  used  about  100  tubes  of  20  mm  diameter.  The 
second  stage  was  just  one  tube.  We  used  wire  gauze 
packing  or  multi-turn  helices. 

Mr.  R.  LILJEBLAD  (Sweden)  :  What  does  Mr.  Ben- 
edict consider  the  economic  concentration  of  heavy 
water  with  hydrogen  sulphide  and  water  ?  I  suppose 
it  will  not  be  economic  to  go  to  99.8%  and  one  would 
use  the  distillation  method  for  the  last  concentration, 
but  can  you  tell  us  to  what  concentration  you  think 
it  practical  to  go  ? 

Secondly,  in  your  calculations  how  have  you  gen- 
erally figured  the  capital  costs? 

Mr.  BENEDICT  (USA) :  In  reply  to  the  first  ques- 
tion, the  answer  would  depend  a  good  deal  on  the 
scale  of  production  in  the  individual  plant.  One  might 
say  that  one  would  like  to  change  over  from  the 
hydrogen  sulfide  process  to  some  other  process  as 
soon  as  the  concentration  was  high  enough,  so  that 
the  next  step  could  be  done  in  a  single  piece  of 
equipment.  For  example,  if  one  could  use  one  of 
these  distillation  plants  without  having  to  have  sev- 
eral of  them  in  parallel,  that  would  be  a  good  time 
to  change  over.  The  larger  the  scale  of  operation, 
the  higher  the  concentration  you  would  have.  I  do 
not  carry  the  figures  in  my  head. 

The  5%  figure  was  intended  to  represent  all  the 
charges  against  plant  investment,  interest  at  a  low 
rate  as  well  as  plant  depreciation,  and  was  simply 


illustrative  of  what  we  find  when  we  talk  about  long- 
life  government-financed  plant. 

Mr.  J.  GAUNT  (UK)  presented  paper  P/410. 

Mr.  K.  V.  VLADIMIRSKY  (USSR)  presented  paper 
P/631  as  follows :  Many  methods  have  been  proposed 
for  determining  the  isotopic  composition  of  a  mix- 
ture of  heavy  and  ordinary  water.  The  most  fre- 
quently encountered  are  those  based  on  density  meas- 
urement— the  pyknometric,  drop  and  float  methods. 
These  methods  do  not  require  complicated  apparatus 
and  highly-trained  staff  and  they  yield  a  high  degree 
of  accuracy.  The  disadvantage  of  the  density  methods 
is  the  possibility  of  systematic  error  due  to  inac- 
curate determination  of  the  constant  on  which  cali- 
bration is  based,  namely,  the  density  of  isotopically 
pure  deuterium  oxide.  The  object  of  this  research 
has  been  to  determine  this  constant  precisely.  In 
addition  to  direct  measurements  of  the  density  of  the 
substance  at  its  maximum  concentration,  parallel 
measurements  were  made  of  its  density  and  isotopic 
composition. 

1.  To  obtain  heavy  water  containing  a  maximum 
concentration  of  deuterium,  two  identical  rectifica- 
tion columns  were  built  of  stainless  steel  with  a  liner 
of  perforated  nickel.  Heavy  water  obtained  by  elec- 
trolysis was  poured  into  one  of  the  columns  and 
heavy  water  produced  by  distillation  into  the  other. 
For  the  duration  of  each  operating  cycle,  which  lasted 
120  hours,  the  columns  worked  without  sampling;  at 
the  end  of  the  cycle  the  water  from  the  collector,  en- 
riched with  the  light  isotope,  was  drained  off,  and  the 
separation  process  continued  with  a  lower  starting 
concentration  of  the  light  isotope. 

The  densities  were  measured  by  the  differential 
pyknometric  method.  The  isotopic  composition  of  the 
oxygen  was  standardized  by  means  of  the  isotope- 
exchange  reaction  with  dried,  natural  carbon  dioxide. 
Moscow  tap-water  was  used  as  control  water.  The 
results  of  the  density  determinations  of  the  last 
cycles  agree  within  the  limits  of  measurement  error. 
In  working  on  the  data  yielded  by  the  measurements, 
the  calculation  of  the  isotopic  concentrations  in  these 
experiments  was  based  on  a  study  of  the  separation 
process.  In  the  first  cycles  the  separation  of  hydrogen 
isotopes  was  observed  directly  by  the  increase  in  the 
density  of  water  with  a  standardized  oxygen  isotopic 
composition.  In  the  last  cycles  the  increase  in  the 
density  of  the  water  due  to  the  separation  of  oxygen 
isotopes  was  measured.  An  analysis  of  these  data 
indicates  that  errors  arising  out  of  non-completion 
of  the  enrichment  process  do  not  exceed  the  order 
of  magnitude  of  other  errors  which  are  possible  in 
this  method. 

2.  Of  the  methods  of  isotopic  analysis  which  do 
not  depend  on  density  measurements,  we  have  em- 
ployed the  nuclear  magnetic  resonance  method  and 
the  mass-spectrometric  method.  The  nuclear  mag- 
netic resonance  method  is  based  on  the  difference  in 
the  magnetic  moments  of  the  nuclei  of  hydrogen  and 
deuterium,  which  makes  it  possible  to  measure  the 
resonance  amplitudes  of  both  isotopes  without  mutual 
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interference  and  ensures  that  no  systematic  error 
can  occur  at  maximum  concentrations,  in  particular 
at  a  deuterium  concentration  near  100%. 

The  apparatus  designed  for  these  measurements 
must  give  very  stable  readings,  especially  when  sam- 
ples are  changed.  For  that  reason  we  used  instru- 
ments without  high-frequency  compensation.  To  im- 
prove the  signal/noise  ratio,  we  used  narrow-band 
systems  of  two  kinds — the  synchronous  filter  and 
the  ordinary  synchronous  detector. 

The  accuracy  of  the  measurements  is  determined 
mainly  by  the  amount  of  noise  and  by  the  consistency 
of  amplification  of  the  recording  instrument.  A  fur- 
ther possible  source  of  error  is  interference  due  to 
signals  from  various  parts  of  the  sample  resulting 
from  a  lack  of  homogeneity  in  the  magnetic  field. 
To  reduce  the  influence  of  this  effect,  the  measure- 
ments were  taken  on  water  samples  containing  para- 
magnetic salts  in  solution,  which  increased  the  natural 
width  of  the  resonance  line. 

The  use  of  paramagnetic  salts  also  substantially 
simplifies  the  dependence  of  signal  amplitude  on  the 
isotopic  concentrations  being  measured.  In  the  case 
of  pure  water,  this  dependence  may  be  non-linear, 
since  apart  from  the  number  of  nuclei  of  a  given 
isotope  in  the  sample  the  dependence  of  the  relaxa- 
tion times  on  the  isotopic  composition  may  be  con- 
siderable. In  solutions  of  paramagnetic  salts,  the  fun- 
damental mechanism  restoring  thermal  equilibrium 
is  the  interaction  of  the  magnetic  moments  of  the 
nuclei  with  the  moments  of  the  paramagnetic  ions, 
and  this  does  not  depend  on  isotopic  concentrations. 
In  this  case,  the  signal  amplitude  is  strictly  pro- 
portional to  the  concentration. 

Solutions  of  paramagnetic  salts  in  heavy  water 
were  prepared  for  the  measurements  with  varying 
deuterium  concentrations,  including  two  solutions  in 
highly  concentrated  heavy  water.  Samples  of  a 
volume  of  4  cm3  of  the  original  solutions  were 
prepared  for  the  measurement  of  the  signal  am- 
plitudes of  the  nuclear  magnetic  resonance.  After 
that,  the  solutions  were  subjected  to  a  standard 
purification  process  and  their  density  was  measured. 
The  density  of  the  isotopically  pure  heavy  water 
was  determined  by  linear  extrapolation  to  zero  hydro- 
gen concentration. 

3.  For  the  mass  spectrometer  measurements,  an 
apparatus  was  built  which  would  make  it  possible  to 
measure  the  ratio  of  the  ion  currents  due  to  D2+  and 
HD+  ions  in  conditions  of  extremely  high  enrich- 
ment. The  vacuum  system  was  subjected  to  a  long 
heating  and  washing  process  by  means  of  gas  con- 
taining 99.75%  deuterium.  The  ion  source  was  so 
constructed  that  corrections  could  be  determined  ex- 
perimentally by  the  two-filament  method,  for  the 
discrimination  effects  due  to  the  incandescent  fila- 
ment. The  corrections  for  the  resolving  power  of 
the  instrument  and  for  Da"1"  and  D+  ion  formation 
were  also  determined  experimentally.  Gas  samples 
for  analysis  were  prepared  by  isotope  exchange  be- 


tween the  original  water  sample  and  gaseous  deu- 
terium. Platinum  black  was  used  as  the  catalyst. 

Density  and  isotope-concentration  measurements 
were  performed  for  four  different  deuterium  con- 
centrations. Samples  for  the  determination  of  iso- 
topic composition  were  taken  directly  from  the 
pyknometer  after  their  density  had  been  ascertained. 
Just  as  in  the  case  of  the  nuclear  magnetic  resonance 
method,  the  density  of  isotopically-pure  heavy  water 
was  determined  by  linear  extrapolation  to  zero  con- 
centration of  the  light  isotope. 

The  results  of  our  measurements,  obtained  by  the 
three  different  methods,  are  tabulated  in  the  paper 
(P/631)  and  compared  with  the  measurements  of 
other  authors.  The  results  obtained  by  the  nuclear 
magnetic  resonance  method  and  the  mass-spectro- 
metry  method  agree,  within  the  limits  of  experimental 
error,  between  themselves  and  with  the  most  reliable 
measurements  by  other  authors.  The  results  of 
density  measurements  for  the  most  highly  concen- 
trated product  are  lower  by  0.002-0.004%.  The  val- 
ues obtained  by  the  nuclear  magnetic  resonance 
method,  with  some  increase  in  the  indicated  error, 
may  be  taken  as  the  average  result  of  all  our  meas- 
urements. The  main  source  of  systematic  error  is 
dilution  by  natural  water.  The  possible  systematic 
errors  in  the  nuclear  magnetic  resonance  method  and 
the  mass-spectrographic  method  are  bound  to  have 
different  signs,  which  substantially  increases  the  re- 
liability of  the  results  obtained. 

In  the  method  employing  nuclear  magnetic  re- 
sonance, the  sources  of  systematic  error  can  be  sub- 
stantially reduced  by  taking  the  density  and  hydrogen 
concentration  measurements  on  the  same  samples, 
using  a  pyknometer  filled  with  a  specimen  of  heavy 
water  as  a  sample  for  measuring  by  the  nuclear 
magnetic  resonance  method.  The  nuclear  magnetic 
resonance  method  is  clearly  the  most  reliable  for 
taking  absolute  measurements  for  calibration  pur- 
poses. The  best  method  for  analysis  is  undoubtedly 
the  method  just  described  by  Mr.  Gaunt. 

DISCUSSION  OF  P/410  AND  P/631 

Mr.  E.  ROTH  (France)  :  The  two  papers  which 
have  just  been  presented  indicate  that,  in  the  aqueous 
phase  at  least,  there  are  no  longer  any  serious  prob- 
lems involved  in  measuring  the  isotopic  concentra- 
tion of  the  water.  We  are  ourselves  using  the  very 
elegant  techniques  described  by  Mr.  Gaunt,  as  well 
as  mass-spectrometry  techniques. 

I  would,  however,  like  to  mention  that,  in  our 
view,  methods  based  on  measurement  of  thermal 
conductivity  may,  in  the  gaseous  phase,  be  a  good 
substitute  for  mass-spectrometry  methods,  especially 
if  used  "to  observe  catalytic  reactions  such  as  those 
mentioned  by  Mr.  Ribnikar. 

I  would  like  to  ask  Mr.  Vladimirsky  whether  he 
could  give  us  details  about  the  two-filament  ion 
source.  Are  the  two  filaments  lit  simultaneously,  as 
in  the  de  Haye  source,  and  what  is  their  purpose  ? 


448 


VOL.  VIII         SESSION   16B.1 


Mr.  VLADIMIRSKY  (USSR):  The  two-filament 
method  to  which  I  referred  is  as  follows :  As  is  well- 
known,  there  is  much  difficulty  in  using  the  mass 
spectrometer  when  the  difference  between  the  con- 
centrations of  the  isotopes  which  are  being  measured 
is  large;  this  difficulty  is  due  to  the  fact  that  the 
electron  flux  in  the  ion  source  alters  the  isotopic 
composition  of  the  gas,  on  account  of  the  molecules 
absorbed  by  the  instrument  walls.  In  the  two-fila- 
ment method,  two  electron-flux  sources  are  used, 
i.e.,  two  cathodes.  Three  experiments  are  performed 
with  the  cathodes  switched  on  separately  and  simul- 
taneously. The  ratio  of  the  isotope  concentrations  is 
determined  by  assuming  that  the  catalytic  action  of 
the  electron  fluxes  is  additive.  Experiments  in  which 
the  instrument  is  primed  over  a  long  period  have 
shown  that  this  procedure  increases  the  accuracy  of 
the  measurements  considerably. 

Mr.  C.  J.  RODDEN  (USA)  :  This  is  a  question  to 
Mr.  Vladimirsky :  In  the  light  of  the  present  paper, 
what  is  the  most  precise  way  of  determining  heavy 
water  ? 

Mr.  VLADIMIRSKY  (USSR)  :  I  think  that  of  the 
possible  methods  the  density  method  is  the  most 
accurate.  The  method  developed  by  Mr.  Gaunt  is 


very  good  in  that  it  combines  accuracy  with  rapid 
performance  of  the  analysis.  It  takes  about  twelve 
hours  to  perform  a  precise  analysis  by  the  density 
method. 

Mr.  RODDEN  (USA) :  Do  you  have  memory 
eiTects  in  your  mass  spectrometer? 

Mr.  VLADIMIRSKY  (USSR)  :  Yes.  It  was  precisely 
for  that  reason  that  the  instrument  was  primed  for 
such  a  long  period  with  a  hydrogen  concentration 
very  similar  to  the  concentration  on  which  the  actual 
measurements  were  taken. 

Mr.  RODDEN  (USA)  :  Mr.  Gaunt,  what  is  used 
for  the  cell  windows,  and  is  corrosion  of  the  win- 
dows a  problem  ? 

Mr.  GAUNT  (UK)  :  Corrosion  of  the  windows  is 
not  a  problem.  In  the  high  concentration  range,  meas- 
urements are  made  at  3  microns  and  here  the  win- 
dows can  be  of  calcium  fluoride,  synthetic  sapphire 
or  best  of  all,  fused  silica.  For  the  50%  range  the 
measurements  are  made  at  1.4  microns  and  glass 
windows  can  be  used.  For  the  0-3%  region,  where 
the  measurements  are  carried  out  at  3.98  microns, 
calcium  fluoride  gives  the  best  results  although  syn- 
thetic sapphire  can  be  used. 

None  of  these  materials  is  affected  by  water. 
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The  Production  and  Properties  of  Graphite  for  Reactors 
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Graphite  was  used  for  the  first  reactors  because 
it  was  the  most  readily  available  material  that  had 
reasonably  good  moderating  properties  and  a  low 
neutron  capture  cross  section.  Other  desirable  prop- 
erties that  made  its  use  widespread  even  in  low- 
temperature  reactors  were  its  low  cost  and  ease  of 
precise  machining.  More  recently,  great  interest  has 
been  shown  in  the  superior  properties  of  graphite  as 
a  high-temperature  refractory  and  as  a  container  for 
liquid  metals.  For  future  reactors,  graphite  will  be 
given  most  serious  consideration  as  a  construction 
material  where  high  temperature  operation  is  re- 
quired, or  where  economy  of  construction  and  of 
neutrons  is  desired  in  combination  with  the  genera- 
tion of  commercial  power. 

The  neutron  economy  arises  from  the  fact  that 
pure  graphite  has  a  neutron  capture  cross  section1 
of  only  0.0032  db  0.0002  X  10"24  cm2.  Commercial 
purified  graphite  has  been  produced  in  quantity  with 
a  cross  section  of  0.0037  X  10~24  cm2.  Taking  into 
consideration  the  atomic  density  of  normal  reactor 
graphite  (bulk  density  1.67  gm/cm3),  the  bulk  neu- 
tron absorption  coefficient  is  0.00031  cm"1.  Taking 
the  inverse  of  this  figure  we  get  the  physical  picture 
that  a  slow  neutron  may  travel  a  total  distance  of 
about  32  meters  in  graphite  without  capture. 

The  moderating  ability  of  graphite  arises,  of 
course,  from  its  relatively  low  atomic  weight.  Con- 
sidering the  relative  masses  of  the  neutron  and  car- 
bon nuclei,  a  fast  neutron  will  lose  on  the  average 
0.158  of  its  energy  at  each  collision.  With  a  carbon 
scattering  cross  section  of  4.7  X  10~24  cm2,  a  neutron 
will  travel  on  the  average  2.53  cm  in  reactor  graph- 
ite of  density  1.67  gm/cm8  between  collisions  with 
carbon  atoms.  Combining  these  figures  yields  a  slow- 
ing-down  power  of  0.0625,  indicating  that,  on  the 
average,  a  fast  neutron  will  lose  6.25  per  cent  of  its 
energy  per  cm  travel  through  bulk  graphite. 

The  ratio  of  the  slowing-down  power  to  the  bulk 
absorption  coefficient  has  been  called  the  moderating 
ratio,2  and  is  used  as  a  rough  figure  of  merit  for 
a  moderator  material.  This  figure  for  graphite  is  202, 
which  compares  favorably  with  all  other  common 
moderator  materials  except  heavy  water.  The  follow- 
ing table  gives  a  comparison  of  the  moderating  quali- 
ties of  graphite  with  a  few  other  materials.2 

Graphite  is  unique  in  its  position  among  materials 
of  construction,  resembling  both  metals  and  ceramics 
in  some  of  its  properties.  It  has  high  thermal  con- 
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ductivity,  conducts  electricity,  and  is  black  when 
finely  divided  and  in  these  respects  resembles  a  metal. 
On  the  other  hand,  it  lacks  ductility  and  is  porous 
and  in  these  respects  behaves  like  some  ceramics. 
Furthermore,  its  manufacture  resembles  that  of 
ceramics  rather  than  metals,  since  it  cannot  be  melted 
and  cast,  rolled,  forged,  or  welded.  It  differs  from 
most  ceramics  in  that  it  is  easily  machined — more 
so  even  than  any  metal.  Its  low  thermal  expansion 
in  combination  with  its  high  thermal  conductivity 
and  strength  at  high  temperatures  makes  it  the  most 
resistant  to  thermal  shock  of  any  material. 

The  most  important  limitations  of  graphite  are 
that  it  oxidizes  at  high  temperatures  when  exposed 
to  air,  and  is  permeable  to  gases  and  liquids.  Re- 
search is  continuing  with  respect  to  both  of  these 
problems  and  it  is  reasonable  to  expect  considerable 
progress  in  the  near  future.  Pipe  is  already  available 
that  is  impervious  at  moderate  pressures,  and  fur- 
ther progress  in  this  direction  is  expected  to  result 
in  the  development  of  a  suitable  reactor  graphite 
that  will  contain  liquid  metals.  It  is  reasonable  to 
expect  also  the  development  of  coatings  for  such 
graphite  that  will  resist  oxidation  over  limited  tem- 
perature ranges. 

PRODUCTION   OF   REACTOR  GRAPHITE 

Artificial  graphite  can  be  manufactured  from  al- 
most any  organic  material  that  leaves  a  high-carbon 
residue  on  heating.  Petroleum  coke  is  the  best  of 
the  available  raw  materials,  however,  and  all  of  the 
graphite  used  in  the  United  States  for  reactor  mod- 
erators has  been  made  from  petroleum  coke.  The 
manufacturing  process  for  reactor  graphite  will  first 
be  described,  and  after  that  the  variations  in  prop- 
erties that  can  result  from  different  raw  materials 
or  processing  methods  will  be  indicated. 

The  petroleum  coke  is  prepared  in  refineries  by 
the  polymerization  and  distillation  of  volatiles  from 
a  heavy  refinery  oil.  The  polymerization  temperature 
used  is  approximately  450°  C.  The  raw  coke,  as  ob- 
tained from  the  refinery,  is  still  a  hydrocarbon  with 
only  about  95%  carbon  and  on  heating  gives  off  a 
considerable  amount  of  hydrocarbon  gas.  Table  II 
summarizes  the  results  of  a  great  many  analyses  on 
petroleum  cokes  from  a  large  variety  of  sources : 

The  coke,  as  received  from  the  refinery,  is  fired 
or  calcined  to  a  temperature  of  about  1300°C.  This 
is  usually  accomplished  in  a  large  rotary  gas-  or 
oil-fired  kiln.  The  volatiles  of  the  coke  are  burned 
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Table  I.     Comparative   Moderating   Qualities 


Slowing  down  power 

Moderating 

(cm-') 

ratio 

Graphite 

0.0625 

202 

Beryllium 

0.16 

145 

Beryllium  oxide 

0.11 

183 

Water 

1.36 

62 

Heavy  water 

0.18 

5000 

Table  II.     Analysis  of  Raw  Petroleum  Coke 

Usual  range    Typical  value 

7    to  16  11 

0.1  to   2.2         07 
0.1  to   4.3          1.5 


%  volatile  matter  at  1000°C 
%  ash 
%  sulfur 


in  the  kiln  and  contribute  a  great  deal  to  the  heat- 
ing of  the  coke.  This  calcination  step  is  undertaken 
to  prcshrink  the  coke  so  that  volume  changes  on 
subsequent  processing  will  be  controllable,  allow- 
ing the  manufacture  of  large  blocks. 

Since  this  calcined  coke  is  the  principal  raw 
material  for  the  graphite,  its  purity  is  important  for 
reactor  use.  Table  III  gives  an  abbreviated  resume 
of  the  analyses  of  a  number  of  cokes  actually  used 
for  graphite  manufacture.  Fn  addition  to  the  metallic 
impurities  indicated  in  the  table,  the  calcined  coke 
retains  the  major  portion  of  the  sulfur  indicated  in 
Table  IT.  For  reactor  graphite,  cokes  are  selected 
that  have  reasonably  low  values  for  the  impurities 
boron,  vanadium  and  titanium,  although  this  selec- 
tion is  less  important  with  modern  purification 
methods. 

Table  III.     Metallic  Impurities  in  Calcined 
Petroleum  Coke 


Usual  range 

7*ypical  value 

Total  ash,  %  of  coke 

0.1  to    2.0 

0.70 

Parts  per  million  impurities  in 

coke  : 

Silicon 

50  to  1300 

300 

Iron 

270  to  2000 

500 

Vanadium 

5  to   270 

70 

Titanium 

2  to     55 

10 

Aluminum 

15  to   340 

150 

Manganese 

None  to    180 

20 

Nickel 

None  to     85 

40 

Calcium 

130  to  5200 

260 

Magnesium 

10  to   230 

50 

Boron 

0.2  to    0.9 

0.4 

The  calcined  coke  is  crushed  and  screened  to  yield 
various  sizes  of  "particles",  ranging  in  diameter 
from  0.4  mm  to  13  mm.  The  fines  from  the  screen- 
ing operation  and  any  excess  particles  are  milled  to 
a  flour,  which  consists  of  grains  of  coke  with  a  con- 
tinuous distribution  of  diameter  from  2  microns  up 
to  about  300  microns.  The  "particles"  used  in  form- 
ing pile-grade  graphite  are  in  the  range  0.4  to  0.8-mm 
diameter,  and  these  are  mixed  with  a  flour  in  about 
a  one-to-three  ratio  to  form  a  "blend".  Figure  1 
gives  a  typical  grain-size  distribution  for  a  flour  and 
particle  blend  used  in  the  preparation  of  reactor- 
grade  graphite.  The  points  shown  on  the  curve  above 
74  microns  were  determined  by  the  usual  Tyler 


screen  analysis.  The  proportioning  of  smaller  grains 
was  determined  by  a  sedimentation  technique  modi- 
fied from  the  method  used  by  Cummings.3  Knowl- 
edge of  the  grain-size  distribution  is  important  since 
it  does  not  change  appreciably  in  processing. 

The  individual  grains  of  coke  that  make  up  the 
blend  are  irregular  in  shape  and  have  a  rough  sur- 
face characteristic  of  crushed  particles.  The  follow- 
ing Table  IV  gives  a  comparison  of  the  hydro- 
dynamic  surface  area  of  coke  particles  in  comparison 
with  that  calculated  for  spheres  of  the  same  diameter. 
The  hydrodynamic  surface  areas  were  calculated 
from  water  permeability  measurements  using  Car- 
man's4 method. 

Table  IV.     Surface  Area  of  Sized   Particles 
cm2/cm3   of    Real    volume 


Tyler  screen 
sieve  limits 

Nominal 
diameter 

Area  of 
coke 

Calculated 
area  for 

of  size  fraction 

(microns) 

particles 

spheres 

35/48 

351 

415 

171 

48/65 

175 

620 

242 

65/100 

87.5 

862 

343 

From  the  table,  it  is  apparent  that  the  superficial 
area  of  the  irregular  coke  particles  is  about  2l/> 
times  that  of  spheres  of  the  same  diameter.  (This 
surface  area  is  not  to  be  confused  with  total  surface 
area,  which  includes  the  area  of  internal  pores.) 

The  shapes  of  the  coke  particles  are  longer  and 
more  splintery  than  crushed  particles  of  a  com- 
pletely isotropic  material.  This  results  from  the  fact 
that  in  the  coking  process,  the  aromatic  molecules 
tend  to  be  oriented  with  the  planes  of  the  benzene 
rings  parallel  to  the  cellular  walls  of  the  coke.  These 
walls  usually  fracture  so  that  the  length  of  coke 
particles  is  in  the  direction  of  the  layer  planes  of 
the  ultimate  graphite  structure.  Cokes  from  differ- 
ent sources  fracture  in  different  ways,  some  yield- 
ing longer  and  more  splintery  grains  than  others. 
Each  coke  source  tends,  therefore,  to  have  a  dif- 
ferent particle  eccentricity.  This  is  illustrated  by  the 
following  Table  V,  which  gives  the  results  of  meas- 
urements of  the  dimensions  of  coke  particles  made 
in  three  mutually  perpendicular  directions.  Each 
figure  is  the  average  of  measurements  on  fifty  par- 
ticles, made  with  a  special  measuring  microscope. 

It  can  be  seen  that  the  two  cokes  have  a  con- 
sistently different  particle  eccentricity.  This  particle 
eccentricity  is  a  very  important  property  of  the 
coke  in  determining  the  anisotropy  of  the  properties 
of  the  final  graphite,  and  it  even  affects  the  manner 
in  which  its  properties  change  under  nuclear  bom- 
bardment. 

The  next  step  in  the  manufacture  of  graphite  is 
mixing  the  coke  blend  with  a  pitch  binder.  The 
pitch  used  is  a  residue  of  coal  tar  distillation  and 
has  the  ultimate  composition  shown  in  Table  VI. 

The  results  of  measurements  normally  made  on  a 
pitch  to  determine  its  suitability  as  a  cinder  are  given 
in  Table  VII. 
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Table  V.     Microscope  Measurements  of  Size  of  Grains  In  Microns 


Sieve 
siee 
limits 

Coke  source 

Length 

Width 

'I  hick  ness 

Nominal 
fraction 
diameter 

Screen 
Limits 

35/48 
35/48 
65/100 
65/100 
150/200 
150/200 

A 
B 
A 
B 
A 
B 

580 
628 
302 
365 
164 
181 

422 
465 
220 
224 
105 
102 

315 
282 
131 
121 
67 
65 

351 
175 
87.5 

294-416 
147-208 
74-104 

The  benzol  and  quinoline  insoluble  values  are  taken 
as  an  indication  of  the  distribution  of  molecular 
sizes  in  the  pitch,  with  higher  insoluble  values  indi- 
cating greater  proportions  of  large  molecules.  The 
importance  of  their  control  is  largely  to  insure  a 
constancy  of  product. 

The  "coking  value"  of  the  pitch  is  the  proportion 
of  the  pitch  that  is  left  as  binder  carbon  after  heat- 
ing to  1000° C.  The  amount  of  this  carbon  residue 
varies  with  the  rate  of  heating  and  the  environment 
during  the  test.  The  65%  figure  shown  is  that  ac- 
tually obtained  in  commercial  practice,  and  can  be 
duplicated  in  the  laboratory  by  mixing  the  pitch  with 
carbon  flour  and  heating  the  mixture  slowly. 

The  density  and  coking  value  of  the  pitch  are  very 
important  properties,  for  high  values  of  these  will 
be  reflected  directly  in  a  high  density  of  graphite 
product. 

The  melting  point  of  100°C  is  determined  by  the 
"cube  in  air"5  method  and  is  a  rough  indication  of 
the  temperature  required  in  extrusion.  The  viscosity 
of  pitches  changes  rapidly  with  temperature.  For 
example,  a  typical  binder  pitch  showed  a  viscosity 
of  13,000  centipoise  at  130°C,  2200  centipoise  at 
150°C  and  540  centipoise  at  170°C. 

The  mixing  of  the  pitch  with  the  coke  blend  is 
carried  out  at  approximately  165°C  and  at  this  tem- 
perature the  pitch  is  quite  fluid.  The  proportion  of 
pitch  to  coke  is  not  an  exactly  fixed  quantity,  since 
the  amount  of  pitch  must  be  adjusted  until  the  mix- 
ture is  plastic  enough  to  be  extrudable.  Pitch  levels 
are  usually  in  the  range  of  30  parts  of  pitch  per 
100  parts  of  coke  blend.  A  petroleum  oil  is  some- 
Table  VI.  Ultimate  Composition  of  Coal  Tar  Pitches 
Used  In  Graphite  Manufacture 


Range  for  analysis  of  a 
variety  of  pitches,  % 

Carbon 
Hydrogen 
Nitrogen 
Sulfur 
Ash 
Oxygen    (by   difference) 

91.3-92.9 
4.47_4,80 
0.81-1.07 
0.42-0.53 
0.03-0.10 
1.16-2.28 

Table  VII 

Melting  point 
Benzol  insoluble 
Quinoline  insoluble 
Density  at  25°C 
Coking  value 

100°C 
30% 
9  to  16% 
1.31  gm/cm3 
65% 

times  added  as  a  lubricant  for  extrusion.  The  usual 
oil  level  is  about  10^  of  the  pitch  level. 

Either  molding  or  extrusion  techniques  can  be 
used  to  form  the  plastic  mixture  into  the  desired 
shapes,  although  extrusion,  is  more  usual.  A  typical 
extrusion  press  for  forming  bars  4l/2  in.  X  4^>  in. 
in  cross  sections  will  have  a  mix  cylinder  22  in.  in 
diameter,  with  2000  lb/in2  pressure  available  for 
compacting  and  extruding  the  mix. 

hi  the  extrusion  process,  the  coke  particles  tend 
to  line  up  with  their  longest  dimension  parallel  to 
the  direction  of  extrusion.  This  gives  a  grained 
structure  to  the  final  graphite,  the  grain  running  par- 
allel to  the  axis  of  extrusion.  The  graphite  is  usually 
stronger  in  the  direction  of  the  grain  and  has  higher 
thermal  and  electrical  conductivities  in  this  direction. 

When  molding  is  used  as  a  forming  method,  the 
particles  tend  to  line  up  with  their  longest  dimen- 
sion perpendicular  to  the  molding  force  and  their 
thinnest  dimension  parallel  to  the  molding  force.  In 
this  case,  the  minimum  strength,  electrical  and  ther- 
mal conductivities  of  the  resulting  graphite  are  in 
the  direction  of  application  of  molding  force.  In  fact, 
a  simple  way  to  characterize  the  method  of  forming 
is  to  measure  the  electrical  conductivity  in  three 
mutually  perpendicular  directions,  one  of  which  is 
also  perpendicular  to  an  exterior  surface  of  the 
formed  graphite.  Two  of  the  three  conductivities  will 
be  nearly  equal,  the  third  appreciably  different.  If 
the  odd  conductivity  is  higher  than  the  other  two, 
the  material  was  extruded;  if  lower,  the  piece  was 
formed  by  molding. 

After  forming,  the  "green"  bars  are  cooled,  either 
by  laying  out  on  steel  tables  or  by  immersion  in  a 
tank  of  water  to  harden  the  pitch  binder  and  render 
the  bars  less  plastic  for  handling  purposes.  These 
cooled,  green  bars  may  then  be  stored,  awaiting 
firing,  without  distortion. 

The  first  firing  is  done  in  a  gas-fired  furnace  to  a 
minimum  temperature  of  about  750°C.  In  this  first 
firing,  the  green  bars  must  be  packed  tightly  in 
granular  coke  or  a  coke-sand  mixture  so  that  the 
bars  will  not  distort  or  slump  as  they  are  heated 
through  the  temperature  range  in  which  the  pitch 
is  liquid.  The  pitch  binder  evolves  hydrocarbon 
gases  in  large  quantities  in  the  temperature  range 
of  300°C  to  500°C,  and  becomes  rigid  at  a  tem- 
perature of  about  450°  C.  Above  this  temperature,  a 
fairly  large  shrinkage  takes  place  as  the  binder 
hardens,  and  it  is  advantageous  to  carry  the  gas- 
firing  temperature  to  a  minimum  of  750° C  to  insure 
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easy  processing  in  the  subsequent  graphitizing  step. 
The  requirement  for  tight  packing  of  the  bars  to 
prevent  distortion  and  the  evolution  of  hydrocarbon 
gases  limits  the  freedom  of  selection  of  firing  fur- 
naces. Usually  large  bulk-packed  furnaces  are  used 
in  which  the  firing  cycle  may  be  as  long  as  six  weeks. 

After  the  gas  firing,  the  carbon  bars  could  be 
graphitized  directly  to  give  a  graphite  with  a  den- 
sity of  about  1.55  gm/cm3.  However,  for  reactor  use 
(and  incidentally  for  many  other  uses)  a  pitch  im- 
pregnation step  is  interposed  to  increase  the  density. 
The  gas-fired  bars  are  pre-heated  to  about  250°C, 
placed  in  an  autoclave  and  evacuated  to  a  pressure  of 
less  than  one-tenth  of  an  atmosphere.  Hot  pitch  is 
then  pumped  into  the  autoclave  completely  im- 
mersing the  bars.  A  pressure  of  100  psi  is  applied 
for  a  period  of  several  hours  to  insure  impregnation 
to  the  center  of  the  bars.  The  cycle  is  completed  by 
releasing  the  pressure,  pumping  out  the  unused  pitch, 
and  letting  the  bars  drain  free  of  as  much  pitch  as 
possible. 

To  make  graphite  where  extremely  high  purity  is 
not  required,  the  pitch-impregnated  bars  are  fired 
directly  in  an  electric  furnace  of  the  type  invented 
by  Acheson6  in  1895.  The  basic  structure  of  the 
furnace  consists  of  a  bed  of  fire-brick  tiles  laid  on 
concrete  piers,  with  a  concrete  head  at  each  end  of 
the  furnace  through  which  graphite  electrodes  are 
cemented  as  current  leads.  The  impregnated  carbon 
bars  are  placed  cross-wise  of  the  furnace,  one  on  top 
of  the  other  to  form  stacks  of  carbon.  Granular 
coke  is  placed  between  successive  stacks  and  enough 
stacks  are  loaded  to  fill  the  length  of  the  furnace. 
The  whole  pack  is  surrounded — top,  sides  and  bot- 
tom— with  a  mixture  of  fine  carborundum,  coke  and 
sand  for  thermal  insulation.  The  side  insulation  is 
held  in  place  by  removable  concrete  blocks.  The 
granular  coke  between  the  stacks  forms  the  resistor 
element  of  this  high-temperature  resistance  furnace. 
Power  is  supplied  at  rates  of  600  to  400  kw  depend- 
ing on  the  size  of  the  furnace,  the  type  of  graphit- 
izing charge  and  the  stage  of  the  heating  cycle.  A 
total  energy  of  from  1.6  to  3.0  kw  hours  per  pound 
of  finished  graphite  is  used,  again  depending  on  the 
type  of  furnace  and  the  type  of  graphite  desired. 
The  heating  cycle  lasts  from  three  to  four  days,  and 
cooling  the  charge  requires  about  two  weeks  before 
the  graphite  is  cool  enough  to  be  exposed  to  air. 
The  peak  temperature  reached  ranges  from  2600°  C 
to  3000°C. 

In  the  graphitization  process,  the  physical  proper- 
ties of  the  carbon  change  markedly,  as  will  be  noted 
more  extensively  below,  and  many  of  the  ash  con- 


stituents are  vaporized  improving  the  purity  remark- 
ably. Table  VIII  shows  the  chemical  analysis  of  the 
most  important  neutron-consuming  elements  in  some 
commercial  graphites  made  with  carefully  selected 
coke  and  using  a  high-graphitizing  temperature.  In 
addition,  there  seem  to  be  elements  such  as  rare 
earths  that  cannot  be  analyzed  chemically,  but  which 
contribute  appreciably  to  neutron  absorption. 

For  highest  purity  uses,  the  graphite  can  be  given 
a  high  temperature,  gas-extraction  process,  originated 
by  the  United  Carbon  Products  Company.  The  pro- 
cess can  be  applied  either  to  graphite  bars,  or  it  can 
be  used  as  a  combined  graphitization-purification  step. 
For  the  latter,  the  pitch-impregnated,  gas-fired  bars 
are  put  through  another  gas-firing  cycle  to  carbonize 
the  pitch  and  reduce  the  volatile  hydrocarbon 
evaporation. 

Briefly,  the  purification  process  consists  of  bath- 
ing the  bars  in  a  purifying  gas  containing  chlorine 
and  fluorine  while  the  bars  are  heated  electrically 
to  approximately  2500° C.  The  reduction  of  neutron 
absorption  cross  sections  accomplished  by  this  puri- 
fication is  so  great  that  it  indicates  the  removal  of 
neutron  absorbing  elements  (such  as  rare  earths) 
that  do  not  show  up  in  the  chemical  analyses.  In  gen- 
eral, the  total  ash  content  of  purified  graphite  is 
under  20  parts  per  million. 

Finished  reactor  graphite,  manufactured  with  the 
materials,  grain  size  distribution,  forming  and  firing 
conditions  described  above,  has  principal  physical 
properties  as  given  in  Table  IX. 

EFFECTS  OF  RAW  MATERIAL  AND  PROCESSING 
VARIATIONS 

Different  Petroleum  Coke  Sources 
Table  IX  provides  ample  evidence  of  the  variation 
in  physical  properties  that  can  be  obtained  from 
different  coke  sources,  using  exactly  the  same 
processing  method.  The  differences  arise  principally 
from  the  crude  oil  and  the  processing  cycles  used 
in  the  refinery  prior  to  coking,  although  variations 
in  coking  procedures  are  also  significant.  Thus,  one 
cannot  count  on  a  continuation  of  the  same  coke 
properties  from  the  same  refinery,  since  crude 
sources  and  refinery  practices  change  over  the  years. 
The  different  properties  obtained  from  different 
coke  sources  are  believed  to  be  related  to  two  basic 
factors.  One  is  the  particle  eccentricity  that  each 
coke  exhibits  on  crushing  and  milling,  which  affects 
the  degree  of  alignment  on  extrusion.  This  is  illus- 
trated in  Table  IX  by  the  ratio  of  the  properties 
when  measured  parallel  and  perpendicular  to  the 
grain,  which  varies  markedly  between  the  cokes 


Table  VIII.     Typical  Chemical  Analysis7 


Coke 

Parts  per  million  in  graphite 

source 

%Ash 

Boron 

Vanadium 

Titanium 

Iron 

Calcium 

C 

0.084 

0.5-0.8 

160 

12 

12 

260 

D 

0.048 

0.5-0.7 

27 

20 

11 

180 

B 

0.037 

0.4-0.5 

8 

12 

18 

150 

E 

0.078 

- 

19 

5 

67 

230 
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Table  IX.     Physical  Properties  of  Reactor  Graphite8 
Measured  at  Room  Temperature 


Property  measured 

Coke 
Property  and  units          source 

Parallel  to 
grain 

Perpendicular 
to  grain 

Specific  resistance 

C 

0.84 

1.17 

(milliohtn/cm) 

D 

0.75 

1.17 

E 

0.88 

1.20 

B 

0.57 

1.20 

Thermal  conductivity 

C 

0.40 

0.30 

(Cal/cm-°C-sec) 

D 

0.44 

0.32 

B 

0.56 

0.29 

Thermal  expansion 

C 

24 

38 

(per  'C  X  10-7 

D 

15 

36 

at60°C) 

E 

16 

32 

B 

11 

27 

Young's  Modulus  of 

C 

1.43 

0.95 

elasticity  (lb/in2) 

D 

1.49 

0.88 

E 

1.54 

1.07 

B 

1.99 

0.79 

Flexural  strength 

E 

2120 

2125 

Tensile  strength 

E 

1440 

1300 

Crushing  strength 

E 

5950 

6420 

(Ib/in2) 

listed.  The  other  principal  factor  of  difference 
among  petroleum  cokes  is  the  graphiticity,  or  per- 
fection achieved  by  the  graphite  crystals  after  heat- 
ing to  3000°  C.  A  high  degree  of  graphiticity  is 
reflected  in  the  table  by  low  values  of  such  properties 
as  resistance  and  thermal  expansion,  and  a  high 
value  of  thermal  conductivity. 

Other  Raw  Materials 

The  following  raw  materials  find  use  in  the  manu- 
facture of  the  many  types  of  carbon  provided  for 
industry :  lampblack,  gas  black,  charcoal,  retort  car- 
bon, bituminous  coal,  anthracite,  cokes  from  coal, 
pitch  coke,  petroleum  coke  and  natural  graphite. 

Charcoal  was  used  by  Sir  Humphrey  Davey  to 
make  the  electrodes  he  employed  in  the  first  carbon 
arc,  but  it  is  used  today  only  in  small  quantities 
in  "Air  Cell"  electrodes  and  activated  carbons,  and 
in  some  brushes. 

Retort  carbon  was  used  in  Europe  for  the  elec- 
trodes for  some  of  the  early  open  arc  lamps.  It 
has  been  used  by  United  States  manufacturers  in 
several  brush  grades.  With  the  passing  of  the  old 
retorts  for  gas  making  and  their  replacement  with  by- 
product coke  ovens,  retort  carbon  of  a  desirable 
quality  has  practically  disappeared,  and  today  very 
little  is  used. 

Lampblack  has  been  utilized  in  arc  lamp  electrodes 
of  all  kinds  since  the  introduction  of  the  enclosed 
arc  lamp  in  the  1890's,  and  is  used  today  in  several 
types  of  carbon  for  the  motion  picture  industry,  in 
searchlights,  and  in  brushes  for  various  types  of 
electric  motors  and  generators. 

Of  the  gas  blacks,  only  furnace  black  is  used  to 
any  extent  and  then  only  as  an  admixture  to  other 
raw  materials.  As  an  admixture  to  coke,  it  improves 
the  density  and  hardness  of  some  specialty  stocks. 


Bituminous  coal  was  used  in  very  small  amounts 
in  some  of  the  first  successful  large  electrodes  made 
in  the  United  States.  It  has  very  little  commercial 
use  today  in  the  carbon  industry. 

Anthracite  is  used  in  considerable  quantities  in 
large  carbon  electrodes  for  steel  and  ferroalloy  fur- 
naces and  in  very  small  amounts  in  granular  carbon 
for  telephone  transmitters. 

Cokes  from  coal  (commonly  called  metallurgical 
cokes)  have  been  used  for  blast-furnace  linings,  but 
the  principal  use  in  the  carbon  industry  in  this  coun- 
try is  as  a  resistor  and  insulating  material  in  the 
graphitizing  furnace. 

Pitch  cokes  (made  by  coking  the  coal  tar  which 
results  from  the  coking  of  coal  in  by-product  coke 
ovens)  were  used  for  a  few  years  for  the  regular 
production  of  battery  electrodes,  open  arc  carbons, 
brushes  and  small  electrodes  where  low  vanadium 
content  was  necessary,  but  they  are  not  employed  for 
these  purposes  today.  Large  amounts  of  pitch  coke 
have  been  used  in  Germany  for  large  electrodes  when 
petroleum  coke  was  too  costly  or  not  available.  Pitch 
coke  is  also  used  for  some  electrolytic  anodes  where 
low  vanadium  is  again  an  important  factor. 

Natural  graphite  is  widely  distributed  in  nature  in 
the  form  of  flakes,  lumps,  or  needles,  or  in  the 
cryptocrystalline  masses  known  commercially  as 
"amorphous  graphite".  Carbon  manufacturers  use 
natural  graphite  in  the  flake  form  in  some  carbon 
brush  compositions  and  amorphous  graphite  is  com- 
monly used  as  an  ingredient  in  the  manufacture  of 
seal  rings. 

Petroleum  coke  has  always  been  the  main  reliance 
of  the  carbon  industry  for  its  raw  material,  and 
without  this  by-product  of  petroleum  refining,  the 
growth  of  the  carbon  and  graphite  industry  to  its 
present  position  would,  to  say  the  least,  have  been 
difficult.  This  material  is  the  purest  form  of  carbon 
available  in  sufficient  quantity  at  cost  low  enough 
to  support  a  carbon  industry. 

A  natural  way  of  comparing  and  characterizing 
the  different  basic  raw  materials  is  to  observe  the 
degree  to  which  they  are  crystallized  by  heat  treat- 
ment. The  best  measurement  of  crystallization  is  pro- 
vided, of  course,  by  X-ray  diffraction  methods.  A 
more  convenient  approximate  method,  and  one  that 
yields  a  single  figure  for  comparison,  is  the  measure- 
ment of  "real  density"  after  a  3000°C  heat  treat- 
ment. The  "real  density"  is  defined  as  the  density 
of  finely  ground  material  as  measured  after  evacua- 
tion and  immersion  in  kerosene.  The  more  closely 
the  real  density  approaches  that  for  purified  natural 
graphite,  2.26  gm/cm3,  the  more  graphitic  is  the 
material.  Table  X  gives  real  densities  measured  for 
a  variety  of  raw  materials. 

The  characterization  of  the  various  raw  materials 
given  in  Table  X  can  be  used  to  indicate  several 
factors  with  respect  to  reactor  graphite  made  from 
them.  First,  the  bulk  density  that  can  be  achieved  in 
the  final  graphite  will  be  in  rough  proportion  to  the 
real  densities  listed.  For  example,  if  by  a  given 
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Table  X.     Real  Density  at  30°C  In  Kerosene   after 
Heating  To  3000°C  (Coltman  and  Glass)0 


Activated  carbon 
Sugar  carbon 
Coconut  shell  char 
Soft  wood  charcoal 
Cellulose  carbon 
Pitch  coke  from   wood 
Hardwood  charcoal 
Bone  char  carbon 
Blood  charcoal 
Acetylene  black 
Bituminous  coal 
Anthracite  coal 
Coal  tar  oil  black 
Semi-bituminous  coal 
Pitch  coke  from  coal  tar 
Lignite 

Furnace  black 
Retort  carbon 
Petroleum  cokes 
Natural  graphite 


1.46 

1.50-1.58 
1.51 
1.60 
1.68 
170 
1.87 
1.94 
2.01 
2.04 
2.07 
2.09 
2.09 
2.11 
2.14 
2.18 
2.18 
2.23 

2.20-2.26 
2.26 


process,  a  density  of  1.65  is  obtained  for  a  graphite 
made  with  petroleum  coke,  a  density  of  only  1.53 
would  be  expected  by  the  same  process  for  a  graphite 
made  with  bituminous  coal.  Second,  the  graphite 
crystallites  are  imperfect  in  proportion  to  the  depar- 
ture from  the  2.26  density,  and  the  greater  this 
departure  the  lower  the  electrical  and  thermal  con- 
ductivities of  the  product. 

The  raw  materials  other  than  petroleum  coke  of 
greatest  interest  for  reactor  use  are  lampblack,  fur- 
nace black,  and  natural  graphite.  Lampblack  has  been 
used  to  prepare  "graphite"  for  experimental  nuclear 
work.  It  was  used  as  an  example  of  a  material  that 
is  nearly  isotropic  in  physical  properties  and  is 
rather  poorly  crystalline.  Properties  of  a  molded 
graphitized  lampblack  stock  are  given  in  Table  XI 
below,  in  comparison  with  a  similarly  molded 
petroleum  coke  stock. 

The  difference  in  density  shown  in  the  table  is  not 
very  significant,  because  it  only  reflects  different 
binder  contents.  The  higher  relativity  of  the  lamp- 
Table  XI.  Properties  of  Molded  Graphitized  Lamp- 
black Base  Stock  as  Compared  To  Molded  Graphi- 
tized Petroleum  Coke  Stock 

Graphittscd 
Graphitised  lampblack      petroleum  coke 

I'crprn- 

Parallel  Perpendicular  Parallel      dtcular 
to  grain          to  grain        to  grain      to  grain 


Bulk  density 

gm/cm3 

1.67 

1.67 

1.65 

1.65 

Specific  resistance 

milliohm/cm 

4.6 

5.1 

0.99 

1.45 

Coefficient  of  thermal 

expansion,  per  °C  X 

10-7  at  60°C 

41 

42 

27 

45 

Elastic  modulus 

10*  Ib/in2 

1.25 

1.06 

1.16 

0.69 

Flexural  strength 

Ib/in2 

3540 

2740 

4060 

2490 

black  stock  results  from  its  poorer  crystallinity  and 
the  difference  in  anisotropy  is  apparent  in  the  relative 
values  of  the  properties  in  the  two  directions. 

Furnace  black  is  of  potential  importance  in  reactor 
graphite  because  it  is  capable  of  increasing  the 
density  of  petroleum  coke  blends.  The  particles  of 
this  furnace  black  are  spherical  in  shape,  as  shown 
by  electron  microscope  studies,  and  are  approxi- 
mately 0.3  micron  in  diameter.  Since  the  petroleum 
coke  flour  has  few  grains  less  than  2  microns  in 
diameter,  the  black  is  able  to  fill  void  spaces  between 
the  coke  grains  and,  thus,  increase  the  density.  For 
example,  in  one  test,  using  very  careful  extrusion  and 
firing  conditions,  small-diameter  graphite  rods  with 
a  density  of  1.84  gm/cm3  were  made  from  a  fine- 
grained coke*  flour.  The  replacement  of  20%  of  the 
coke  flour  with  furnace  black  yielded  a  product  with 
a  density  of  1.91  gm/cnr*. 

With  the  addition  of  furnace  black,  graphite  with 
densities  greater  than  1.90  gm/cm3  can  be  made  con- 
sistently in  sizes  up  to  1  inch  in  diameter.  Making 
larger  sizes  of  graphite  of  this  density  by  the  inclu- 
sion of  furnace  black  is  very  difficult  because  of  the 
problems  involved  in  processing  stock  of  such  low 
permeability,  but  work  is  progressing  in  this 
direction. 

Flake  natural  graphite  is  also  of  interest  as  a 
material  for  reactor  use  because  it  will  compact  into 
very  dense  shapes.  Densities  as  high  as  2.15  gm/cm3 
have  been  achieved  in  molded  blocks  6  X  5  X  3  in. 
in  size.  Such  graphite  is  inherently  very  weak  because 
of  the  plasticity  of  the  flake  graphite,  but  could  be 
used  where  it  is  subjected  to  compressive  stresses 
only. 

Grain  Size  of  Petroleum  Coke 

The  reactor  graphite  discussed  above  has  a  maxi- 
mum particle  size  of  %2  in.  In  making  larger  graph- 
ite shapes  usually  a  greater  particle-to-flour  ratio  and 
larger  sizes  of  particles  (up  to  %  in.)  are  used.  The 
larger  particles  are  able  to  take  up  greater  thermal 
strains  without  rupture  and  make  it  easier  to  process 
the  large-size  graphite.  Furthermore,  graphite  arc 
furnace  electrodes  can  more  easily  resist  the  thermal 
shock  conditions  to  which  they  are  exposed  if  they 
contain  40%  to  60%  of  particles  blended  with  the 
flour  component.  On  the  other  hand,  where  fine 
machining  involving  sharp  edges  or  very  high 
strength  is  required,  grain  sizes  much  smaller  than 
those  given  in  Fig.  1  may  be  used. 

With  regard  to  the  effect  of  grain  size  on  physical 
properties,  one  may  make  two  generalizations.  The 
strength  of  the  stock  increases  as  the  grain  size  is 
reduced,  and  the  ratio  of  the  properties  measured 
parallel  and  perpendicular  to  the  grain  is  increased. 
The  following  Table  XII  illustrates  these  points, 
although  the  stocks  used  as  a  basis  are  not  entirely 
comparable  aside  from  the  grain  size.  For  example, 
the  coarse-grained  uiaterial  was  not  given  a  pitch 
impregnation,  so  that  its  density  is  lower  than  that 
of  the  others. 
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Table  XII.     Effect 

of  Grain  Size 

on  Properties 

Fine  grain 

Medium  grain 

Coarse  grain 

stock 

stock 

stock 

Bulk  density    (gm/cm8) 

1.64 

1.66 

1.49 

Specific  resistance  (milliohm-cm) 

Parallel  to  grain 

0.86 

0.69 

0.96 

Perpendicular  to  grain 

1.62 

1.12 

1.35 

Coefficient  of  thermal  expansion 

(X  10-V'C) 

Parallel  to  grain 

11 

15 

16 

Perpendicular  to  grain 

41 

33 

26 

Elastic  modulus  (10°  lb/in2) 

Parallel  to  grain 

1.84 

1.47 

0.89 

Perpendicular  to  grain 

078 

076 

0.61 

FlexUral  strength  (  lh./in-  ) 

Parallel  to  grain 

4520 

2220 

1280 

Perpendicular  to  grain 

3000 

1630 

990 

Effect  of  Calcination  Temperature  of  Petroleum  Coke 

As  indicated  above,  the  raw  petroleum  coke  is 
normally  calcined  to  a  temperature  of  about  1300°C 
to  preshrink  the  coke,  and  thus,  avoid  processing 
difficulties.  When  a  lower  calcination  temperature 
is  used,  the  properties  of  the  finished  graphite  are 
affected  markedly.  Presumably,  this  is  a  result  of 
simultaneous  shrinkage  of  the  bond  carbon  and  coke, 
resulting  in  a  tighter  knit  structure.  The  following 
data  in  Table  Xlll,  showing  the  effect  of  calcining 
temperature  were  obtained  on  small  diameter,  fine- 
grained test  rods  with  all  properties  measured 
parallel  to  the  grain.  Each  figure  given  represents 
an  average  over  five  different  petroleum  coke  sources. 

Method  of  Forming 

The  effects  on  orientation  of  particles  of  the  two 
general  forming  methods  in  common  use,  extrusion 
and  molding,  were  discussed  in  a  previous  section. 
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Figure  1.  Grain  size  distribution  petroleum  coke 
blend  for  reactor  graphite 


The  following  Table  XIV  compares  the  average 
properties  of  two  fine-grained  graphite  stocks,  one 
extruded  and  one  molded.  It  is  apparent  that  extru- 
sion produces  a  greater  degree  of  anisotropy  than 
molding. 

Table   Xlll.   Effect  of  Coke  Calcining   Temperature 
on  Graphite  Properties  (Downey)9 

Coke  calcining  temperature 
750°C.  1050°C  1400°C 


%  volume 

shrinkage,  green  to  graphite      19.5 

9.9 

4.0 

Bulk  density  (gm/cm3)                  1.55 

1.53 

1.50 

Specific   resistance 

(milliohm-cm)                            0.83 

0.94 

1.00 

Coefficient  of  thermal  expansion 

(XlO-V'C)  at60°C                19.7 

16.1 

14.8 

Elastic  modulus  (106  Ib/in2)          1.53 

1.33 

1.09 

Flexural  strength  (Ib/in2)            3190 

2130 

1520 

Table  XIV.     Effect  of  Molding  vs.  Extrusion  on 
Physical  Properties  of  a  Fine-Grained  Stock 


Extruded  j>tock 

Molded  stock 

Density 

1.64 

1.75 

Specific  resistance  (milliohm-cm)  : 

Parallel  to  grain 

0.86 

0.96 

Perpendicular  to  grain 

1.62 

1.32 

Ratio 

1.88 

1.38 

Coefficient  of  thermal  expansion 

(XlO-VC): 

Parallel  to  grain 

11 

19 

Perpendicular  to  gram 

41 

32 

Ratio 

3.70 

1.68 

Elastic  modulus  (10°  lb/in2)  : 

Parallel  to  grain 

1.84 

1.39 

Perpendicular  to  grain 

0.78 

0.96 

Ratio 

2.40 

1.45 

Flexural  strength  (lb/in2)  : 

Parallel  to  grain 

4520 

4680 

Perpendicular  to  grain 

3010 

3940 

Ratio 

1.46 

1.25 
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The  orientation  of  particles  in  forming  is  purely 
mechanical,  depending  on  the  shape  of  the  particle. 
X-ray  diffraction  studies  have  shown  that  there  is 
also  an  orientation  of  crystal  axes,  stemming  from 
the  tendency  of  the  layer  planes  of  the  graphite 
crystal  to  lie  parallel  to  the  long  dimension  of  the 
coke  particle.  Magnetic  susceptibility  measurements 
on  pure  graphite  samples  provide  an  easy  measure 
of  the  extent  of  crystal  axis  alignment,  to  separate  it 
from  the  purely  mechanical  particle  alignment. 
Ganguli  and  Krishnan10  showed  that  graphite  crystals 
have  a  large  diamagnetic  susceptibility  when  the 
magnetic  field  is  perpendicular  to  the  layer  planes, 
and  a  very  small  value  for  this  property  when  the 
magnetic  field  is  parallel  to  the  layer  planes.  Since 
the  susceptibility  does  not  depend  on  the  way  in 
which  the  crystals  are  joined  together,  it  can  be  used 
to  get  a  true  idea  of  the  distribution  of  crystal 
orientation.  Table  XV  gives  the  results  of  such 
magnetic  susceptibility  measurements  on  a  molded 
and  an  extruded  fine-grained  stock,  in  comparison 
with  other  bulk  physical  properties. 

Effect  of  Final  Firing  Temperature 

A  remarkable  change  in  physical  properties  occurs 
when  the  gas-fired  carbon  is  heated  to  temperatures 
of  2500°C  to  3000°C.  Nearly  all  of  the  changes  are 
due  to  the  increased  perfection  of  the  graphite 
crystals,  which  are  quite  disorganized  in  the  gas- 
fired  state.  These  crystal  changes  will  be  discussed 
in  some  detail  in  a  later  section,  so  that  we  will  note 
here  only  the  gross  over-all  property  changes  that 
take  place  when  gas-fired  stock  is  graphitized. 

The  most  obvious  physical  changes  that  accompany 
graphitization  are  those  of  appearance  and  hardness, 
and  although  these  properties  are  scarcely  suitable 
for  a  scientific  definition  of  graphite,  they  can  be 
used  with  reasonable  accuracy  by  experienced  men  to 
determine  the  quality  of  the  graphite.  For  example, 
when  a  knife  is  rubbed  over  the  surface  of  a  piece 
of  carbon,  it  will  expose  a  dark  grey  or  black  surface 
and  the  surface  will  feel  gritty.  With  graphite,  a 
shiny  light  grey  surface  will  be  exposed,  and  the 
surface  will  feel  smooth  and  somewhat  greasy  to 

Table  XV.     Crystal   Orientation   as  Affected    by 
Forming  Method 


Graphitised 
extruded  stock 


Graphitised 
molded  stock 


Magnetic  susceptibility  XlO6: 
Field  parallel  to  grain 

Field  perpendicular  to  grain 


4.05 


(a)  8.17 

(&)  7.76 

Average  ratio  2.02 

Specific  resistance  (milliohm-cm)  : 

Parallel  to  grain  0.706 

Perpendicular  to  grain  1.12 

Ratio  1.59 

Elastic  modulus  106  lb/in2 : 

Parallel  to  grain  2.29 

Perpendicular  to  grain  0.832 

Ratio  2.75 


(a)  6.31 

(b)  6.20 
7.87 

1.25 

0.96 
1.36 
1.43 

1.16 

0.708 

1.64 


the  touch.  Gas-fired  carbon  is  very  hard  and  brittle 
and  is  one  of  the  most  abrasive  of  materials.  It 
cannot  be  cut  with  any  kind  of  steel  without  dulling 
the  tool  very  rapidly.  For  example,  a  high-speed 
tool  steel  bit  will  become  noticeably  dull  after  100 
linear  inches  of  cut  in  gas-fired  carbon  stock ;  whereas 
the  same  piece  of  carbon  after  graphitization  will 
require  perhaps  10,000  linear  inches  of  cutting  to 
produce  the  same  degree  of  wear  on  a  tool  bit  made 
of  soft  brass.  Another  way  of  stating  this  extreme 
difference  of  hardness  is  that  the  gas-fired  carbon 
requires  a  diamond  saw  to  cut  it;  whereas  graphite 
made  from  petroleum  coke  can  be  machined  with 
woodworking  tools.  When  accurate  and  easy  machin- 
ing is  required,  it  is  important  that  the  final  firing 
temperature  be  at  least  2500°  C. 

Changes  in  physical  properties  on  graphitization 
include  a  decrease  of  specific  resistance  by  a  factor 
of  five,  an  increase  of  thermal  conductivity  by  a 
factor  of  twenty-five,  a  50%  decrease  in  coefficient 
of  thermal  expansion,  and  a  20%  decrease  in  elastic 
modulus  and  in  strength.  It  is  interesting  to  note  that 
all  of  these  changes,  except  that  of  thermal  expan- 
sion, take  place  in  the  reverse  direction  on  exposure 
of  graphite  to  fast  neutrons. 

PHYSICAL  PROPERTIES 

The  commercial  graphite  used  for  reactors  is  a 
mixture  of  crystalline  graphite  and  cross-linking 
intercrystalline  carbon,  and  the  physical  properties 
that  are  measured  are  the  result  of  contributions 
from  both  sources.  Ideally,  it  would  be  desirable 
to  analyze  the  fundamental  physical  properties  in 
terms  of  the  relative  contributions  of  the  two  com- 
ponents. To  date,  it  has  been  possible  to  study  the 
the  theory  of  only  the  crystalline  graphite  in  any 
quantitative  fashion,  and  the  result  is  that  only 
those  properties  which  are  not  primarily  determined 
by  the  intercrystallite  structure  can  be  discussed 
quantitatively.  Thus,  a  discussion  of  physical  proper- 
ties starts  with  the  examination  of  single  crystal 
properties,  and  the  properties  of  bulk  graphite  are 
related  to  these  when  possible.  Tt  is  not  intended 
that  this  discussion  should  be  exhaustive,  since  the 
literature  already  contains  several  good  surveys.11 

Crystal  Structure 

The  graphite  crystal  structure  consists  of  layer 
planes  of  hexagonally  arranged  atoms  with  tight  bind- 
ing in  the  planes  and  loose  binding  between  the  planes. 

In  the  normal  structure  described  by  Bernal,12 
alternate  layer  planes  are  similarly  placed,  as  indi- 
cated schematically  in  Fig.  2.  Alternate  structures  for 
graphite  are  discussed  adequately  by  Howe.11 

X-Ray  Studies  of  Graphitization 

Natural  graphites  and  graphites  made  by  the  de- 
composition of  carbides  have  large  crystallites  of 
nearly  perfect  structure,  and  in  consequence,  have 
sharply  defined  X-ray  lines  as  expected  from  the 
crystal  structure  indicated  in  Fig.  2.  The  graphitiza- 
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Figure    2.    Classical    graphite   lattice:  a,   b   and   c   are   the   ortho- 
hexagonal  axes;  the  hexagonal  unit  cell/  to  which  the  four  black 
atoms    are    assigned,    is    outlined    by    solid    lines;    do  =  2.46    A; 
bo  =  4.28  A;c0  =  6.71  A 

tion  process  (heating  to  3000° C)  applied  to  petrol- 
eum coke,  develops  the  graphite  crystal  structure 
to  varying  extents,  hut  never  quite  to  the  perfection 
exhibited  by  natural  graphite. 

In  general,  this  process  of  graphitization  can  be 
divided  into  three  steps.  The  first  step  is  the  heating 
of  the  petroleum  residue  to  450°  C,  which  causes  the 
planar  aromatic  systems  to  polymerize  and  become 
rigid.  At  this  step,  X-ray  examintion  shows  a  general 
layering  of  the  aromatic  planes. 

The  second  step  occurs  on  heating  to  say  2000° C 
during  which  there  is  a  pronounced  evolution  of 
gas  accompanied  by  a  growth  of  the  planes.  At  this 
point,  although  the  particle  size  may  be  considerable, 
the  properties  characteristic  of  completed  graphites 
are  not  observed.  The  generally  accepted  model  is 
that,  although  there  are  deep  stacks  of  parallel  planes, 
there  is  little  ordering  of  these  planes  with  respect 
to  each  other. 

The  ordering  of  these  planes  according  to  the 
alternate  layer  stacking  shown  in  Fig.  2  occurs  in 
the  third  or  final  stage  of  graphitization  in  which 
the  carbon  is  heated  to  3000° C.  The  study  of  this  final 
graphitization  step  has  been  the  subject  of  much 
effort  using  X-ray  diffraction  methods,  and  some  of 
the  recent  results  will  be  given  after  a  comment  on 
the  method  of  analysis  of  the  X-ray  data  and  a 
description  of  the  model  that  is  assumed. 

The  simple  application  of  X-ray  line  widths  as  a 
measure  of  crystal  size  is  of  qualitative  value  only. 
For  a  quantitative  study,  the  X-ray  line  shapes  must 
be  subjected  to  a  Fourier  analysis  to  separate  strain 
broadening  from  particle  size  broadening  and  stack- 
ing fault  effects,  according  to  the  method  used  by 
Warren18  and  others. 

A  model  that  is  compatible  with  the  X-ray  data 
was  proposed  by  Franklin,14  and  has  been  used  by 
Houska  and  Warren,15  and  Bowman9  on  different 


samples.  The  model  simply  assumes  that  adjacent 
layer  planes  either  have  the  correct  graphite  relation 
to  each  other,  or  they  are  randomly  oriented.  Fur- 
ther, if  they  have  the  correct  graphite  relationship, 
the  interlayer  spacing  is  a3  =  3.35  A,  and  if 
adjacent  planes  are  randomly  oriented,  their  inter- 
layer  spacing  is  a3'  =  3.44  A.  Imperfect  graphites 
are  then  assumed  to  be  composed  of  a  mixture  of 
pairs  of  planes  of  correct  and  random  orientation, 
statistically  distributed  along  the  r-axis  of  the  crystal. 

With  these  assumptions  it  is  possible  to  calculate 
the  probability  P  that  adjacent  pairs  of  planes  are 
properly  oriented  in  essentially  three  independent 
ways;  these  are:  first,  the  apparent  planar  spacing 
d,  as  measured  from  Ihe  (001)  reflection  is  simply 
the  weighted  average  of  the  two  discrete  spacings, 
Ja  =  Pan  +  (1  —  ^)a$.  Second,  the  analysis  of 
shape  of  the  broadened  (OO/)  lines  will  yield  know- 
ledge of  the  randomness  of  layer  spacing,  giving  a 
value  for  (1  —  P)a3'.  Finally,  analysis  of  the  more 
complex  (hkl)  reflection  also  leads  to  a  value  of  P. 

Warren  and  Houska  applied  this  analysis  to  a 
carbon  black,  heat  treated  at  2300°  C  and  found  the 
probability  P  of  the  correct  graphite  orientation  to  be 
only  0.25.  This  problem  has  been  studied  by  Pattin 
and  Bowman,  who  obtained  values  of  P  as  a  func- 
tion of  baking  temperature  for  both  coke  and  lamp- 
black. This  value  of  P  for  lampblack  stock  fired  to 
3000°C  was  about  0.33.  This  low  value  is  in  agree- 
ment with  the  well-known  difficulty  of  producing 
perfect  graphite  from  this  material.  On  the  other 
hand,  coke  stock  is  known  to  be  much  more  sus- 
ceptible to  graphitization,  and  Bowman's  observa- 
tions, as  listed  below,  certainly  check  this. 


Firing  temperature,  °C 
2000 
2200 
2400 
2600 
2800 
3000 


P   (probability  of 
ordered  plane  pairs) 

0.20 
0.55 
0.73 
0.82 
0.89 
~1.00 


In  summary,  it  can  be  said  that  the  model  of 
ordering  of  stacked  parallel  planes,  accompanied 
by  a  change  of  layer  spacing  from  3.44  A  to  3.35  A, 
seems  to  have  rather  general  validity. 

Thermal   Properties 

It  is  convenient  to  divide  the  discussion  of  thermal 
properties  in  each  case  into  the  high-  and  low- 
temperature  regions  relative  to  room  temperature. 
In  the  very  low  temperature  region,  the  intrinsic 
anisotropy  of  crystalline  graphite  is  evident,  not  only 
in  the  directional  anisotropy  of  some  of  the  thermal 
properties,  but  also  in  the  manner  in  which  these 
vary  with  temperature;  in  the  high-temperature 
region,  while  the  directional  anisotropy  remains,  the 
variation  of  properties  with  temperature  is  not  par- 
ticularly anomalous.  Specific  properties  will  now  be 
discussed. 
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Specific  Heat 

In  the  high-temperature  region,  the  specific  heat 
Ci>  rises  smoothly  from  a  value  of  2.05  cal/gm 
atom-deg.  at  300° K  to  a  value  approaching  the 
classical  value  of  approximately  6  cal/gm  atom-deg. 
at  about  2000°K.  The  data  are  available  in  the 
literature10  and  are  summarized  in  Table  XVI. 

Table  XVI.     Selected  Values  of  Cp 
cal/gm  atom-deg. 


T9K 

CP 

T°K 

CP 

5.14 
5.53 
5.75 

300 
500 
750 

2.05 
3.49 
4.48 

1000 
1250 
1500 

In  the  low-temperature  region,  there  has  been 
much  recent  interest,  both  theoretically  and  experi- 
mentally. The  significant  experimental  feature  is 
that  the  specific  heat  varies  very  nearly  as  '1  -  over  the 
temperature  range  of  about  20-60° K.17  In  the  lower 
temperature  region,  1.5-10°K,  the  variation  seems 
to  be  as  T2A.  The  theory  of  this  behavior  is  still  a 
matter  of  discussion,  but  the  general  features  are 
understood. 

The  T2  dependence  of  the  specific  heat  at  low 
temperatures  can  be  explained  from  two  different 
ways  of  treating  the  vibration  spectrum  of  anisotropic 
materials  such  as  crystalline  graphite.  On  the  one 
hand,  purely  geometric  considerations  (Krumhansl 
and  Brooks)8  lead  to  a  straight- forward  modification 
of  a  simplified  Born-von  Karman  treatment  which 
results  in  a  spectrum  approximately  characteristic 
of  a  two-dimensional  system  (Cv  proportional  to 
T'2).  On  the  other  hand,  Komatsu  and  Nagamiya19 
considered  the  out-ot  -plane  vibrations  as  the  bending 
vibrations  of  a  plate.  Whereas,  the  elastic  sj)ectrum 
of  an  infinite  body  has  the  usual  frequency  (/)  and 
wave  length  (A)  relation  /A  =  v  where  v  is  an  essen- 
tially constant  velocity  of  propagation,  for  bending 
waves  the  relation  becomes  /A2  =  c,  and  the  group 
velocity  df/[d(l/\)]  is  not  constant,  but  varies  as 
/°-5,  a  profound  modification  in  the  vibration  spec- 
trum. The  above,  while  a  simplification,  is  the  essence 
of  the  problem;  when  extended  carefully  to  three- 
dimensional  graphite,  it  leads  also  to  a  T2  depend- 
ence of  Cp. 

The  two  points  of  view  can  be  reconciled  and 
recent  independent  studies  by  Newell20  and  Eatherly 
and  Krumhansl21  have  shown  that,  in  reality,  both 
features  are  probably  present.  The  "bending"  modes 
associated  with  bond  bending  lead  to  a  particularly 
strong  "next  nearest  neighbor"  interaction  of  the 
sort  which  gives  a  spectrum  closely  similar  to  that 
obtained  from  the  plate-bending  approximation. 
Thus,  it  can  be  said  that  the  general  features  of  the 
specific  heat  arc  understood  and  semi -quantitative 
agreement  with  experiment  can  be  obtained  using 
benzene  molecular  force  constants  in  a  Born-von 
Karman  calculation  starting  from  first  principles. 
In  closing  this  section,  it  might  also  be  noted  that 


the  specific  heat  does  not  vary  much  from  one 
graphite  to  another,  although  there  are  small,  but 
real  differences  between  grades  in  the  low-tempera- 
ture region. 

Thermal  Conductivity 

Artificial  graphite  has  an  unusually  high  thermal 
conductivity,  especially  at  room  temperature.  The 
thermal  conductivity  parallel  to  the  grain  is  com- 
parable with  aluminum,  and  perpendicular  to  the 
grain,  it  is  comparable  to  brass. 

Unlike  metals,  the  heat  current  in  graphite  is  car- 
ried by  the  lattice  vibrations,  and  the  monotonically 
decreasing  thermal  conductivity  above  room  tem- 
perature is  consistent  with  this  assumption.  The 
lattice*  thermal  conductivity  is  given  by* 


where  A"  =  thermal  conductivity,  y  =  geometric 
factor  (  %  in  isotropic  media),  Cv  =  specific  heat, 
/  —  suitably  averaged  mean  free  path,  and  v  =  suit- 
ably averaged  lattice  wave  group  velocity.  In  the 
high-temperature  regions  above  1000°  C,  except  for  / 
which  is  expected  to  vary  as  T"1,  these  quantities 
vary  slowly  with  temperature  —  in  general  agreement 
with  experiment. 

A  number  of  thermal  conductivities  at  room  tem- 
perature and  above  for  Acheson  graphite  are  re- 
ported in  the  literature,  some  of  them  quite  accurately 
determined,  but  few  literature  references  give  suffi- 
cient information  on  the  other  properties  of  the 
particular  graphite  examined  to  characterize  it 
properly.  Johnson9  has  measured  the  thermal  con- 
ductivity of  a  number  of  graphite  grades,  as  given 
in  Table  XVII  following,  and  noted  that  within  the 
accuracy  of  his  thermal  conductivity  measurements, 
there  was  a  one-to-one  correspondence  between  elec- 
trical and  thermal  conductivity.  A  recalculation  of 
Johnson  \s  data,  converting  the  measurement  of 
thermal  conductivity  to  25  °C,  gives  a  value  of  0.00030 
for  the  product  of  the  resistivity  in  ohm-cm  and  the 
thermal  conductivity  in  calories/sec-cm-°C.  (This 
product  has  no  relation  to  the  Wiedemann-Franz 
law,  because  the  thermal  conductivity  is  not  elec- 
tronic in  nature.) 

Similarly,  Neubert22  noted  this  one-to-one  rela- 
tionship of  thermal  and  electrical  conductivity.  Some 
of  his  general  measurements  of  thermal  conductivity 
are  given  in  Table  IX,  but  his  accurate  determination 
of  the  constancy  of  the  ratio  of  thermal  conductivity 
and  electrical  conductivity  was  accomplished  by 
measuring  both  properties  on  a  number  of  individual 
samples  of  widely  varying  conductivity.  According 
to  Neubert,  the  product  of  the  resistivity  in  ohm- 
cm  and  the  thermal  conductivity  in  cal/sec-cm-°C  is 
0.00032  when  both  are  measured  at  room  tem- 
perature. 

The  data  of  Powell23  and  Powell  and  Schofield24 
allow  the  calculation  of  this  product  for  four  of  their 

*  In  exact  form  for  anisotropic  media,  this  is  a  tensor 
equation. 
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Table  XVII.    Thermal  Conductivity  of  Graphite  (Parallel  To  Grain) 

Coke 
source 

Diameter  of 
original 
extruded 
piece  (in.) 

Maximum 
sise 
particle  in 
mix  (in.) 

Pitch 
impregnated 

Mean  t9 
ofK 
determination 

Thermal 
conductivity 
cal/sec~cm-°  C 

25°  C  specific 
resistance 
milliohm-cm 

Kp  X  10* 

A 

18 

1/8 

no 

58.8 

0.268 

1.090 

0.281 

A 

18 

1/8 

no 

58.0 

0.258 

1.176 

0.303 

A 

12 

1/16 

no 

57.4 

0.274 

1.115 

0.305 

A 

3 

1/32 

no 

54,0 

0.324 

0.911 

0.295 

A 

3 

1/32 

yes 

47.3 

0.428 

0.663     * 

0.284 

A 

4 

1/32 

no 

59.3 

0.257 

1.118 

0.305 

A 

4 

1/32 

no 

50.8 

0.382 

0.748 

0.286 

A 

2 

flour  only 

no 

45.7 

0.357 

0.827 

0.295 

A 

2 

flour  only 

yes 

46.2 

0.370 

0.788 

0.291 

B 

18 

1/8 

no 

53.3 

0.341 

0.844 

0.288 

B 

12 

1/16 

no 

52.7 

0.355 

0.791 

0.281 

B 

4 

1/32 

no 

51.7 

0.364 

0.806 

0.293 

B 

2 

flour  only 

no 

46.1 

0.400 

0.684 

0.274 

B 

2 

flour  only 

yes 

42.0 

0.51 

0.546 

0.278 

C 

12 

1/16 

no 

56.8 

0.353 

0.809 

0.286 

C 

4 

1/32 

no 

49.5 

0.415 

0.688 

0.286 

C 

2 

flour  only 

no 

45.1 

0.397 

0.722 

0.286 

C 

2 

flour  only 

yes 

44.9 

0.375 

0.830 

0.311 

D 

2 

flour  only 

no 

42.6 

0.419 

0.684 

0.286 

D 

2 

flour  only 

yes 

46.9 

0.409 

0.718 

0.293 

E 

2 

flour  only 

5  times 

40.1 

0.451 

0.654 

0.295 

samples.  The  average  for  these  four  samples  yields 
a  product  Kp  of  0.000307.  Micinski9  made  a  direct 
measurement  of  the  product  Kp,  using  Kohlrousch's 
method  of  determining  thermal  conductivity,  and  his 
average  value  for  two  graphite  stocks  was  0.000323 
at  25°C. 

This  survey  showing  the  relative  constancy  of  the 
product  of  thermal  conductivity  and  resistance  covers 
a  wide  range  of  graphites,  with  conductivities  ranging 
over  a  factor  of  more  than  2.  It  is  believed  to  be 
general  enough  in  validity  to  justify  the  use  of  the 
relationship  in  calculating  the  room  temperature 
thermal  conductivity  of  graphite  from  the  room 
temperature  resistance  which  is  easy  to  measure 
accurately.  If  the  relation:  A' (in  cal/cm-sec-°C) 
times  p  (in  ohm-cm)  equals  0.00031  is  used  for 
measurements  at  25 °C,  it  is  believed  that  the  cal- 
culated thermal  conductivity  will  be  accurate  to 
within  5%. 

The  variation  of  thermal  conductivity  with  tem- 
perature has  been  measured  by  a  number  of  workers. 
Some  of  the  more  reliable  of  these  are  plotted  in 
Fig.  3,  with  all  data  replotted  as  a  percentage  of  the 
25  °C  value.  Where  the  25  °C  value  was  not  available, 
it  was  calculated  from  the  resistance  of  the  sample, 
if  it  was  available  in  the  same  grain  orientation  as 
the  thermal-conductivity  measurement.  It  is  to  be 
expected  that  there  will  be  some  variation  in  the 
ratio  of  high- temperature  thermal  conductivity  to 
room  temperature  values,  and  the  curve  gives  some 
support  for  this  view.  However,  the  trend  of  thermal 
conductivity  with  temperature  is  obvious. 

In  addition  to  those  shown,  there  are  a  number 
of  other  measurements  by  Micinski  and  Gardner,9 
made  with  an  elaboration  of  Powell  and  Schofield's 
high-temperature  method,  that  indicate  that  the 
thermal  conductivity  of  petroleum  coke  graphites 
in  the  direction  perpendicular  to  the  grain  lies 


between  0.055  and  0.08  cal/sec-cm-°C  in  the  tem- 
perature range  of  1500°C  to  1900°C.  The  thermal 
conductivity  parallel  to  the  grain  should  exceed 
these  values,  and  in  support  of  this  view,  Jain  and 
Krishnan's  value  at  1825  °C  is  0.096  cal/sec-cm-°C. 

From  a  practical  standpoint,  the  behavior  of  K 
below  room  temperature  may  at  first  seem  to  be 
unimportant,  but  it  now  appears  that  much  useful 
information  about  the  structure  of  graphite  and  the 
effects  of  radiation  damage20  can  be  obtained  by  a 
study  of  the  thermal  conductivity  at  temperatures 
below  100°K. 

Recently,  Smith27  has  measured  experimentally 
the  low-temperature  thermal  conductivity  of  several 
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Figure  3.  Temperature  dependence  of  the  thermal  conductivity  of 

graphite;    curve    1:    Powell;28    curve    2:    Powell    and    Schofield;"4 

curve  3:  Odening  and  Zaffarano;9  curve  4:  Jain  and  Krishnan;* 

curves  5  and  6:  Micinski  and  Downey9 
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well-crystallized  natural  and  artificial  graphites  and 
found  that  it  varied  approximately  as  the  specific  heat, 
i.e.,  as  the  square  of  the  temperature.  This  is  to  be 
expected  at  low  temperature  if  the  mean  free  path  / 
is  determined  by  boundary  scattering  and  is,  there- 
fore, constant.  Earlier  measurements  in  other 
graphites  showing  that  the  thermal  conductivity 
varied  as  some  higher  power  of  T  (T2-1  to  7>3)  are 
now  interpreted  as  resulting  from  the  sensitivity  of 
the  thermal  conductivity  to  the  details  of  the  con- 
nections between  particles. 

In  commercial  graphite,  it  seems  possible  to  treat 
phenomenalogically  the  thermal  resistance  as  the 
sum  of  the  crystalline  resistance  and  the  resistance 
of  the  intermediate  cross-linking  carbon,  with  the 
latter  playing  the  major  role.  The  general  features  of 
thermal  conductivity  in  the  low  temperature  region 
as  measured  by  Smith27  are  shown  in  Fig.  4. 

Thermal  Expansion  of  Graphite 

The  thermal  expansion  of  crystalline  graphite 
is  extremely  anisotropic.  Using  X-ray  diffraction 
methods,  Nelson  and  Riley28  measured  the  thermal 
expansion  of  finely-ground  Ceylon  graphite  (4% 
ash)  from  15°C  to  800°C.  They  found  that  the 
thermal  expansion  along  the  a-axis  of  the  crystal 
was  negative  at  room  temperature,  with  a  value  of 
—  15  X  10~7/°C  over  the  temperature  range  of 
0-1 50°  C.  The  expansion  becomes  more  positive  with 
increasing  temperature  becoming  zero  at  approxi- 
mately 400°C  and  having  a  mean  value  of  +9  X 
10-7/°C  over  the  temperature  range  600-800°C. 
The  expansion  in  the  c-axis  crystal  direction  was 
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Figure  4.  Low-temperature  thermal  conductivity  of  graphites 


quite  large,  a  mean  coefficient  of  283  X  10~7/°C 
being  obtained  over  the  temperature  interval  15°C 
to  800°  C. 

Using  somewhat  less  perfectly  crystalline,  but 
purer  graphite  (artificial  graphite  from  petroleum 
coke),  Walker,  McKinstry  and  Wright29  made  very 
careful  X-ray  diffraction  measurements  of  the  c-axis 
layer  plane  spacing  from  —  196°C  to  1118°C.  They 
found  that  the  change  in  spacing  was  linear  with 
temperature  over  this  range,  leading  to  a  coefficient 
of  thermal  expansion  of  286  X~7/°C,  in  excellent 
agreement  with  Nelson  and  Riley. 

Bowman9  has  measured  by  X-ray  diffraction  the 
difference  in  c-axis  expansion  between  petroleum 
cokes  of  quite  different  degrees  of  crystal  size  and 
perfection.  The  difference  of  crystal  perfection  was 
obtained  by  heat  treating  one  coke  to  only  2000°  C 
and  the  other  coke  to  3000°  C.  The  2000°  C  treated 
sample  had  a  r-axis  spacing  of  3.41  A  and  the  3000° C 
treated  sample  had  a  c-axis  spacing  of  3.36  A.  The 
crystal  size  of  the  two  samples  were  160  A  and  600  A, 
respectively,  parallel  to  the  oaxis.  Despite  these 
differences,  there  was  no  detectable  difference  in 
c-axis  thermal  expansion  between  the  two  samples 
over  the  temperature  interval  20°  to  200° C  within 
the  accuracy  of  the  experiment,  namely,  2  parts  in 
1000,  so  that  crystal  perfection  has  little  effect  on 
thermal  expansion  of  graphite  crystals. 

Any  relationship  between  the  bulk  thermal  expan- 
sion of  graphite  and  that  of  the  crystals  of  which 
it  is  composed  is  secondary,  to  say  the  least.  For 
example,  carbon  blacks  made  from  the  coke  used  in 
Bowman's  experiment  and  heat  treated  to  the  two 
temperatures  would  have  quite  different  thermal 
expansion  coefficients.  The  volume  thermal  expan- 
sion, calculated  by  addition  of  the  linear  coefficients 
measured  in  three  mutually  perpendicular  directions, 
would  be  87  X  10-7/°C  for  the  2000°C  coke  and 
56  X  10-7/°C  for  the  3000°C  coke,  a  difference  of 
35%.  Furthermore,  these  volume  expansions  of  bulk 
graphite,  and  volume  expansions  calculated  from  the 
linear  expansions  given  in  Tables  IX,  XI,  XII  and 
XIV  are  much  lower  than  the  volume  crystal  expan- 
sion of  253  X  10-7/°C  calculated  from  Nelson  and 
Rilcy's  data. 

The  only  easily  apparent  relationship  of  bulk  to 
crystal  expansion  is  that  the  anisotropy  of  linear  ex- 
pansion coefficients  for  bulk  graphite  is  undoubtedly 
caused  by  the  anisotropy  of  the  graphite  crystal 
expansions.  For  example,  the  thermal  expansion  of 
3000°  C  heat-treated  petroleum  coke  particles  has 
been  measured  by  Micinski9  using  an  interferometer 
method.  The  particles  were  selected  as  having  a 
particularly  striated  appearance,  and  the  measure- 
ments were  made  parallel  and  perpendicular  to 
these  striations.  Parallel  to  the  striation,  the  thermal 
expansion  coefficient  was  about  —6.5  X  10~7/°C 
over  the  temperature  range  0  to  150°C  as  compared 
with  Nelson  or  Riley's  —15  X  10-7/°C  for  the 
crystal  9  expansion  along  the  a-axis.  The  thermal 
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expansion  coefficient  of  the  particles  becomes  zero  at 
about  250°  C  and  becomes  positive  above  this  tem- 
perature. Perpendicular  to  the  striation,  the  thermal 
expansion  coefficient  was  only  20  X  10~7/°C  show- 
ing little  effect  of  the  high  c-axis  expansion. 

To  obtain  the  dimension  changes  of  graphite  at 
high  temperature,  data  are  needed  for  the  change  of 
mean  coefficient  of  linear  expansion  with  tempera- 
ture. Using  two  methods  for  measuring  the  differen- 
tial expansion  of  different  kinds  of  graphite,  Dexter9 
has  shown  that  the  change  in  coefficient  of  expansion 
with  temperature  must  be  very  nearly  the  same 
for  different  types  of  graphite.  The  data  in  Table 
XVTII  are  typical  of  his  measurements. 

The  values  in  the  temperature  range  1 5-100°  C  were 
determined  by  clamping  a  6-in.  length  of  the  sample 
graphite  to  a  similar  length  of  the  reference  graphite 
at  one  end  and  measuring  the  differential  expansion 
of  the  other  end  by  noting  the  rotation  of  a  mirror 
mounted  on  a  cylindrical  rod  separating  the  two 
graphites.  The  measurements  over  the  higher  tem- 
perature intervals  were  made  by  inserting  a  6-in. 
length  of  the  sample  graphite  in  a  capsule  made  of 
the  reference  graphite.  The  capsule  had  a  tight- 
fitting  plunger  of  the  reference  graphite  against  the 
sample,  and  the  distance  that  this  plunger  was 
pushed  out  of  the  capsule  by  the  graphite  sample 
when  the  assemblage  was  heated  was  a  measure  of  its 
total  expansion  over  the  temperature  interval. 

Since  the  values  in  the  preceding  table  are  relative 
to  the  reference  stock,  they  represent  only  the  dif- 
ference between  the  mean  expansion  coefficient  of  the 
test  graphite  and  the  expansion  coefficient  of  the 
reference  stock.  Later  it  will  be  shown  that  the 
mean  expansion  of  the  test  graphite  can  be  expected 
to  increase  by  29.2  X  10-7/°C  in  going  from  the 
left-hand  to  the  right-hand  column  of  Table  XVIII. 
In  contrast  with  this,  the  reasonable  constancy  of 


the  differential  thermal  expansion  coefficients  in 
Table  XVIII  over  the  wide  temperature  range 
noted  is  quite  good  proof  that,  at  least  for  engineer- 
ing purposes,  the  change  of  thermal  expansion  co- 
efficient with  temperature  is  the  same  for  all 
samples  tested  as  it  is  for  the  reference  graphite. 

The  most  accurate  measurements  of  the  variations 
of  thermal  expansion  coefficient  with  temperature 
over  the  temperature  range  up  to*  600°  C  have  been 
done  with  an  interferometer  method  patterned  after 
Merritt's  work.30  Figure  5  gives  results  of  mean 
thermal  expansion  coefficient  measurements  for  three 
widely  different  types  of  graphite  between  room  tem- 
perature and  the  final  temperature  indicated. 

The  circled  points  were  obtained  by  bringing  the 
furnace  to  equilibrium  at  that  temperature,  and  the 
dotted  points  were  obtained  from  readings  while  the 
furnace  was  being  heated.  The  points  at  the  higher 
temperature  are  more  accurate  since  their  calcula- 
tion involves  a  wider  temperature  interval  and  they 
have  been  weighted  more  heavily  than  the  lower 
temperature  points  in  drawing  the  curves.  The  slope 
of  the  curves  is  approximately  the  same  for  all 
three  graphites  (and  many  others  tested),  in  agree- 
ment with  Dextcr's  observations. 

Thermal  expansion  measurements  at  temperatures 
up  to  2500° C  have  been  made  on  a  number  of 
graphites  by  Westbrook  and  Micinski.9  Twelve-inch 
long  samples  were  mounted  in  a  four-inch  id 
graphite  resistance  tube  furnace,  and  length  changes 
were  determined  by  telemicroscopic  observation  of 
pointed  tungsten  probes  mounted  ten  inches  apart 
in  the  sample.  An  apparatus  of  considerable  physical 
and  thermal  stability  was  required,  yielding  meas- 
urements with  an  accuracy  of  db  0.0002  inch  expan- 
sion and  rb  5°C.  Figure  6  gives  the  results  obtained 
on  four  widely  different  kinds  of  graphite,  all  meas- 
ured parallel  to  the  axis  of  extrusion.  Obvious  small 


Table  XVIII.     Differential  Thermal  Expansion  of  Various  Graphite  Samples 


Mean  differential  coeficent  of 

thermal  expansion 
relative  to  reference  stockj/'C  X  *0-7 


Graphite 
sample 
no. 

Temperature  interval 

Orientation* 

15-1009C 

25-1000'C 

25-2300*C 

25-3000'C 

170 

Parallel 

5.8 

5.6 

4.4 

- 

Perpendicular 

19.4 

21.5 

22.1 

- 

177 

Parallel 

7.5 

6.2 

6.7 

4.1 

Perpendicular 

23.3 

23.6 

24.1 

- 

173 

Parallel 

1.6 

0.6 

- 

0.2 

Perpendicular 

21.9 

21.7 

- 

- 

178 

Parallel 

23.7 

24.6 

24.9 

27.9 

Perpendicular 

34.5 

33.0 

38.8 

- 

193 

Parallel 

7.5 

9.1 

6.2 

- 

Perpendicular 

20.6 

21:3 

22.2 

- 

194 

Parallel 

6.4 

8.1 

6.5 

- 

Perpendicular 

19.6 

21.3 

22.0 

— 

*  Parallel  or  perpendicular  to  grain. 

t  Reference  stock  is  fine-grained  graphite  of  unusually  low  thermal  expansion  coefficient. 
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Figure  5.  Mean  thermal  expansion  coefficient  by  the 
interferometer  method 

irregularities  of  expansion  occur  in  individual 
samples,  probably  as  a  result  of  irregular  release  of 
internal  stresses.  Nevertheless,  the  parallel  nature  of 
the  curves  is  consistent  with  the  idea  that  the  change 
of  thermal  expansion  coefficient  with  temperature 
is  approximately  the  same  for  all  graphites. 

This  idea  leads  to  a  simplification  for  engineering 
purposes  of  the  calculation  of  high-temperature 
thermal  expansion.  It  has  been  found  that  the  mean 
linear  coefficient  of  thermal  expansion  between  room 
temperature  and  any  final  temperature  can  be  ob- 
tained from  the  value  for  the  temperature  interval — 
room  temperature  to  100°  C — by  adding  to  it  the 
numbers  shown  in  the  Table  XIX.  This  is  valid  for 
stock  of  any  orientation.  Using  the  table,  the  expan- 
sion curves  of  individual  graphite  samples  can  be 
computed  to  obtain  good  agreement  with  the  meas- 
ured curves. 

Hidnert31  has  published  some  very  accurate 
thermal  expansion  values  for  graphite.  The  variation 


Table  XIX.     Calculation  of  Mean  Coefficient  of 
Thermal  Expansion 


Final  temperature  9C 


Value  to  be  added  to 
coefficient  I*  C  determined 
over  temperature  range 


100 

0 

200 

2.0 

300 

4.0 

400 

6.0 

500 

7.7 

600 

9.2 

700 

10.4 

800 

11.4 

900 

12.3 

1000 

13.2 

1500 

17.2 

2000 

21.2 

2500 

25.2 

of  mean  coefficient  of  thermal  expansion  with  tem- 
perature reported  by  him  agrees  very  well  with  the 
variation  calculated  from  Table  XIX  up  to  the  limit 
of  Hidnert's  measurements,  namely  1000° C. 

Studies  of  thermal  expansion  of  graphite  at  low 
temperatures  have  not  been  made  as  yet. 

Vapor  Pressure,  Heat  of  Sublimation,  and   Fusion 

The  heat  of  sublimation  of  graphite  has  been  a 
subject  of  debate  for  many  years,  and  the  resolution 
of  the  problem  has  been  slow  because  of  the  diffi- 
culty of  carrying  out  unambiguous  experiments  at 
high  temperatures.  However,  there  now  seems  to 
be  a  growing  agreement  on  a  value  of  170.4  kcal  per 
mol,,as  a  result  of  the  general  agreement  of  vapor 
pressure  determination  by  several  groups.3" 

Vapor  pressure  determination  requires  a  knowledge 
of  the  molecular  species  evaporated,  and  in  some 
cases,  a  knowledge  of  the  accommodation  coefficient 
or  "sticking  factor"  for  carbon  atoms  striking  the 
surface.  Both  of  these  are  still  under  some  debate.33 
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Figure  6.  Mean  coefficient  of  thermal  expansion  of  graphites 
by  an  optical  dilatometer  method 
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Most  experimenters,  however,  hold  that  the  accom- 
modation coefficient  is  reasonably  high,  so  that 
effusion  experiments  give  a  good  representation  of 
the  vapor  pressure.  Mass-spectrometer  determina- 
tions indicate  the  presence  of  the  molecular  species 
Ci,  C2,  C3  with  higher  molecular  clusters  possible 
in  the  vapor  from  graphite.  Most  vapor  pressure 
measurements  are  consistent  with  a  vapor  pressure 
of  approximately  5  X  10~°  atmospheres  at  2500° C, 
and  their  extrapolation  leads  to  a  sublimation  point 
at  atmospheric  pressure  of  greater  than  4400°  K. 
This  is  a  much  higher  temperature  than  the  ac- 
curately determined  carbon  arc  crater  temperature,34 
which  is  usually  assumed  to  be  close  to  the  sublima- 
tion point. 

The  triple  point  of  graphite  has  been  reported  by 
Basset35  to  occur  at  105  atmospheres  pressure  and 
4000° K.  Jones9  has  recently  used  an  arc  operating 
in  argon  at  150  atmospheres  to  melt  graphite.  The 
graphite,  thus  recrystallized  from  the  melt,  is  of 
nearly  perfect  crystal  structure  (micro-crystals)  and 
high  purity  and  density. 

Emissivity 

Since  graphite  is  used  for  many  high-temperature 
applications  where  heat  transfer  by  radiation  is 
dominant  over  transfer  by  convection,  the  emissivity 
of  graphite  is  an  important  number.  As  can  be 
expected  with  any  high-temperature  measurement, 
perfect  agreement  has  not  been  obtained  among 
various  observers.  Furthermore,  the  emissivity  of 
graphite  varies  with  the  surface  finish,  and  even 


.90 


when  starting  with  a  polished  surface,  prolonged 
heating  at  high  temperatures  will  change  the  charac- 
ter of  the  surface  and  increase  its  emissivity. 

Figure  7  gives  the  results  of  a  number  of  meas- 
urements of  graphite  emissivity.  It  is  likely  that  the 
measurements  of  Thorn  and  Simpson8"  are  the  most 
accurate  that  have  been  made,  and  these  point  to  a 
value  between  0.77  and  0.78  for  polished  graphite. 
Their  points  at  0.905  were  obtainetl  after  prolonged 
evaporation  and  clearly  indicate  the  effect  of  sur- 
face conditioning. 

Micinski's9  values  and  those  for  the  arc  tempera- 
ture are  calculated  with  the  assumption  that  the 
spectral  and  total  emissivity  are  the  same.  Spectral 
energy  distribution  curves  at  the  arc  temperature34 
indicate  either  that  e\~  a/A.  is  constant  with  wave- 
length, or  that  its  wnvelengtn  dependence  is  of  the 
type  log  e\  =  a/A.  Since  there  is  no  a  priori  reason 
for  the  latter  dependence,  the  simpler  assumption  is 
that  the  emissivity  is  independent  of  wavelength, 
and  therefore,  that  the  total  and  si>ectral  emissivities 
are  the  same. 

A  general  conclusion  from  Fig.  7  would  be  that 
the  emissivity  of  graphite  lies  between  0.75  and  0.90, 
with  the  exact  value  depending  on  the  nature  of 
the  surface. 

Electrical  Properties 

Resistivity 

Single  crystals  of  graphite  are  highly  anisotropic 
in  resistance  as  in  other  properties.  Parallel  to  the 
planes,  the  resistivity  at  room  temperature  is  about 
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Figure  7.  Emissivity  of  graphite 
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5  X  10~B  ohm-cm,37  and  perpendicular,  to  them,  it 
is  100  to  1000  times  this.  The  values  of  resistance  for 
multicrystalline  artificial  graphites  are  not  expected 
to  have  any  simple  relation  to  those  for  single 
crystals,  although  the  anisotropy  of  resistance  of 
artificial  graphite  shown  in  most  stocks  is,  of  course, 
related  to  the  single  crystal  anisotropy.  Values  of 
resistance  given  for  commercial  graphites  in  Table 
IX  indicate  that  it  is  about  a  factor  of  20  higher  than 
that  of  single  crystals  parallel  to  the  planes. 

An  interesting  plot  showing  the  wide  range  of 
possible  variations  of  resistivity  in  graphites  with 
temperature  is  given  in  Fig.  8.  Most  multicrystalline 
artificial  graphites  decrease  in  resistance  with  in- 
creasing temperature,  at  least  up  to  400°  C.  With 
petroleum  coke  base  stocks,  a  minimum  in  resistance 
is  reached  in  the  range  of  400°C  to  600°C,  and  above 
this  temperature  the  resistance  increases  almost 
linearly  with  temperature.  The  behavior  of  artificial 
graphite  in  this  range  is  generally  attributed  to  the 
dominance  of  lattice  vibrations  rather  than  crystal 
boundaries  and  imperfection  in  the  scattering  of  cur- 
rent carriers  (electrons  and  holes). 

The  curve  for  single  crystal  graphite  indicates  a 
decreasing  resistance  as  the  temperature  is  lowered. 
Later  it  will  be  indicated  that  this  temperature  de- 
pendence requires  a  modification  of  the  band  picture. 
Meers9  has  succeeded  in  producing  an  artificial  graph- 
ite that  approaches  the  single  crystal  behavior  even 
though  it  is  multicrystalline.  The  method  used  for 
the  preparation  of  the  graphite  was  a  pyrolytic  one 
patterned  after  Meyer's38  work.  The  temperature 
variation  of  resistance  of  this  pyrolytic  carbon  is 
given  in  Table  XX  in  comparison  with  single  crystals 
of  natural  graphite. 

It  is  interesting  to  note  that  the  similarity  of  this 
pyrolytic  graphite  to  single  crystalline  graphite  ex- 
tends to  low-temperature  thermal  conductivity,  both 
displaying  a  T2  dependence. 


Table  XX 


Electrical  resistivity  (in  metro-ohtn-cm) 
pyrolytic  graphite  vs  natural  graphite 


4.**K 

77.3°K 

300'K 

Pyrolytic 
Single  crystals 

25 

5 

55 

30 

65 

55 

Band  Structure 

The  electronic  energy  band  picture  of  graphite  and 
its  relationship  to  the  electrical  properties  has  re- 
cently been  given  a  great  deal  of  theoretical  and  ex- 
perimental attention,39  and  for  a  detailed  review,  the 
literature  should  be  consulted.  According  to  the 
simplest  picture,  graphite  is  a  semiconductor  with 
nominally  a  zero  energy  gap  between  filled  and 
empty  bands.  Unlike  usual  semiconductor  materials, 
the  density  of  states  does  not  go  to  zero  at  the 
band  edges,  but  has  a  small  finite  value,  rising  rapidly 
on  entering  either  band. 

For  pure  graphites,  this  picture  yields  equal  num- 
bers of  holes  and  electrons.  If  the  electrons  and  holes 
had  equal  mobility,  the  Hall  coefficient  would  be  zero 
by  virtue  of  the  cancellation  of  the  hole  and  electron 
contributions.  The  fact  that  pure  graphite,  whether 
of  natural  or  artificial  origin,  has  a  negative  Hall 
coefficient  indicates  that  electrons  have  a  slightly 
higher  mobility  than  holes. 

The  ratio  of  electrons  to  holes  can  be  varied  in 
graphite  by  various  techniques.  Hennig,40  for  exam- 
ple, has  shown  that  chemical  doping  of  graphite  with 
halogens,  alkali  metals  or  bisulfate  ions  changes  the 
electron  concentration  markedly.  Figure  9,  taken 
from  data  by  Westbrook  and  Pattin9  shows  that  it 
is  possible  to  vary  the  Hall  coefficient  of  a  commercial 
graphite  in  the  direction  of  either  excess  holes  or 
excess  electrons  with  small  amounts  of  additives. 
Incidentally,  an  excess  of  either  holes  or  electrons 
provided  in  this  way  increases  the  electrical  con- 
ductivity, as  would  be  expected  from  the  increased 
number  of  carriers. 
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Figure  8.     The  temperature  dependence  of  electrical  resistivity  of  graphites 
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they  all  point  up  the  increased  precision  that  will  be 
required  of  theoretical  calculations  of  electronic 
energy  levels  in  graphite  to  bring  our  knowledge  to 
the  quantitative  level  existing  for  some  other  semi- 
conducting materials. 

MECHANICAL  PROPERTIES 

From  the  description  of  the  method  of  manu- 
facture, it  may  be  surmised  that  the  mechanical 
properties  of  formed  graphite  will  vary  from  piece 
to  piece  of  the  same  grade,  and  that  each  piece  of 
graphite  will  not  be  uniform  throughout  its  cross 
section.  Property  variations  of  15-30%  across  the 
diameter  of  a  large  piece  of  graphite  ate  not  un- 
usual.41 For  this  reason,  a  fairly  large  number  of 
samples  must  be  measured  to  get  a  true  picture  of 
the  properties  of  a  particular  graphite. 

Flexural  and  compressive  strengths  are  easier  to 
measure  than  crushing  strength,  and  flexural 
strengths  are  of  more  significance  for  practical  use 
than  compressive  strengths;  consequently,  flexural 
strengths  are  commonly  used  for  control  purposes. 
Although  the  most  common  way  of  making  flexural 
strength  tests  is  to  apply  the  load  at  a  single  point 
at  the  center  of  a  beam  supported  near  its  ends,  the 
recommended  way42  for  brittle  materials  is  to  apply 
the  load  at  two  points  so  that  a  greater  length  of  the 
sample  is  under  maximum  stress.  The  latter  method 
is  called  the  "third  point  loading"  method,  and  yields 
20-35%  lower  values  of  flexural  strength  than  the 
single  point  loading.  Thus,  it  becomes  important  to 
state  the  method  of  measurement  when  giving  flex- 
ural strength  values.  The  flexural  strength  values 
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Figure  9.  Hall  coefficient  of  graphite  with  added  impurities 

The  negative  value  of  the  Hall  coefficient  for  pure 
graphite  is  indicated  in  Fig.  9.  Typical  data  showing 
how  this  value  is  approached  in  the  firing  of  a  molded 
coke-base  stock  to  successively  higher  temperatures 
is  indicated  in  Fig.  10. 

The  theoretical  studies  of  band  structure  indicate 
that  near  the  band  edges,  the  effective  masses  of  the 
electrons  and  holes  are  small.  This  finding  is  in  agree- 
ment with  the  anomalously  high  diamagnetic  sus- 
ceptibility for  pure  graphite.  When  the  electron 
concentration  is  changed  appreciably  by  chemical 
additives,  a  more  normal  value  is  found  for  the 
susceptibility,  corresponding  to  higher  effective  elec- 
tron masses  away  from  the  band  edge. 

The  band  picture  described  above  would  lead  to 
the  prediction  that  the  resistivity  of  graphite  in- 
creases monotonically  with  decreasing  temperature 
down  to  absolute  zero.  While  commercial  multi- 
crystalline  graphite  has  this  behavior,  single  crystals 
of  natural  graphite  behave  oppositely  with  their 
resistance  decreasing  as  the  temperature  is  lowered. 
Thus,  one  is  led  to  correct  the  simple  theory  to 
allow  for  a  small  overlap  (very  weakly  metallic  be- 
havior) of  the  bands,  as  postulated  by  Kinchin37  and 
by  Johnston.39 

Other  observations,  such  as  the  magnetic  field 
dependence  of  resistance  and  the  Hall  coefficient, 
the  extreme  sensitivity  of  the  thermoelectric  power 
to  sample  history  and  radiation  damage  serve  to 
bring  out  clearly  the  competition  between  opposing 
effects  in  the  two-carrier  system  (electrons-holes) 
necessary  for  the  description  of  graphite.  Moreover, 
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Figure  10.  Hall  coefficient   vs   firing   temperature 
for  molded  graphite 
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given  in  Tables  XI,  XII,  XIII,  and  XIV  are  for 
the  single  point  loading  method.  The  values  in  Table 
IX,  however,  were  determined  by  the  "third  point 
loading"  method. 

A  large  number  of  measurements  of  tensile,  crush- 
ing and  single  point  loading  flexural  strengths  on 
miscellaneous  graphite  samples  lead  to  the  following 
approximate  ratios: 


Tensile  strength 
Flexural  strength 


=  0.53     (range  0.47  to  0.68) 


Crushing  strength 

, — 

Flexural  strength 


(range  1.61  to  2.90) 


The  crushing-to-flexural  strength  ratio  is  generally 
higher  if  the  measurements  are  made  perpendicular 
to  the  grain.  In  fact,  the  crushing  strengths  are 
nearly  always  greater  when  measured  parallel  to 
the  grain.  The  above  ratios  arc,  of  course,  higher 
when  the  flexural  strength  is  measured  by  the  third 
point  loading  method. 

A  most  unusual  property  of  graphite  is  its  increase 
of  strength  at  high  temperatures.  Crushing  strength 
measurements  made  at  1600°  C  indicate  an  increase  of 
from  15-24%  over  room  temperature  values.  Malm- 
strom,  Keen  and  Green43  have  reported  extensive 
tensile  tests  showing  that  the  strength  of  graphite 
increases  up  to  a  temperature  of  2500° C.  At  this 
temperature,  the  strength  for  short-time  loads  is 
50%  to  more  than  100%  higher  than  the  room  tem- 
perature values. 

The  same  authors  were  also  able  to  measure  creep 
in  graphite  at  the  highest  temperatures,  where  the 
graphite  is  ductile  enough  to  give  a  7%  elongation 
before  rupture.  The  creep  rate  was  measurable 
(about  0.1%  elongation)  in  a  two-hour  period  at 
2300°  C  under  a  stress  equal  to  about  85%  of  the 
breaking  strength  at  room  temperature.  At  2700°  C 
stresses  of  only  a  few  per  cent  of  the  room  temper- 
ature strength  are  enough  to  induce  appreciable 
creep. 

The  low  elastic  modulus  of  graphite  (comparable 
to  rolled  lead)  contributes  to  its  thermal  shock  re- 
sistance. Malmstrom,  Keen  and  Green43  have  shown 
that  the  elastic  modulus  increases  slightly  with  tem- 
perature, and  that  at  2000°  C  the  modulus  is  about 
40%  greater  than  at  room  temperature. 

The  elastic  modulus  is  usually  measured  by  a  dy- 
namic method  in  which  velocity  of  sound  is  deter- 
mined by  noting  the  resonant  frequency  of  a  sample 
of  known  dimensions.  Adequate  experimental  evi- 
dence has  been  accumulated  to  show  the  same  value 
is  obtained  by  flexural  or  longitudinal  vibrations,  and 
that  this  value  is  nearly  the  same  as  that  determined 
from  stress-strain  curves  for  low  applied  stresses. 

By  suitable  technique,  the  measurement  of  resonant 
frequency  can  be  extended  to  determine  the  internal 
friction  or  damping  of  the  graphite.  Westbrook0  has 
used  a  method  in  which  the  sample  is  supported  near 
one  end  on  a  two-pronged  needle  inserted  in  a  phono- 
graph record  cutting  head,  and  near  the  other  end 


on  the  single  needle  of  a  phonograph  pickup.  The 
cutting  head  is  connected  to  an  audio-oscillator  with 
a  special  vernier  tuning  dial ;  the  pickup  is  connected 
to  a  vacuum  tube  voltmeter.  The  oscillator  is  tuned 
to  the  resonant  frequency  of  the  sample  for  flexural 
vibration,  and  the  breadth  of  the  resonance  peak  is 
determined  by  adjustment  of  the  vernier  tuner.  The 
well  known  relation  of  breadth  of  resonance  peak  to 
damping  factor  leads  to  the  values  given  in  Table 
XXI  for  the  per  cent  energy  loss  per  cycle  for 'differ- 
ent types  of  graphite. 

Table  XXI.     Damping  Factor  of  Graphite  Per  Cent 
Energy  Loss  per  Cycle  at  3000  Cycles/Sec 


Crain 

Young's 

% 

energy 

orien- 

tnoilulus 

loss  per 

Graphite  slock 

tation 

JO*  lb/in* 

cycle 

Fine  grained  extruded  petroleum 

coke  base 

par.* 

172 

1.34 

Fine  grained  extruded  petroleum 

coke  base 

perp.f 

0.70 

1.66 

Fine  grained  extruded  petroleum 

coke  base 

par. 

1.21 

1.25 

Fine  grained  extruded  petroleum 

coke  base 

perp. 

0.87 

1.32 

Medium  grained  extruded 

petroleum  coke  base 

par. 

1.31 

1.38 

Medium  grained  extruded 

petroleum  coke  base 

perp. 

1.14 

1.39 

Coarse  grained  extruded 

petroleum  coke  base 

par. 

1.25 

1.07 

Molded  lampblack  base  stock 

par. 

1.44 

0.78 

Molded  lampblack  base  s»tock 

par. 

0.95 

1.69 

Gas-baked  petroleum  coke  stock, 

finegrained,  (not  graphitized) 

par. 

2.17 

0.65 

Molded  pitch-bonded  graphitized 

natural  graphite 

par. 

- 

0.65 

*    par.  =  parallel. 

t    perp.  =  perpendicular. 

The  values  lie  in  a  reasonably  narrow  range  for  the 
normal  graphites  considering  the  wide  variation  of 
graphite  types.  The  high  value  for  natural  graphite 
and  the  low  value  for  the  gas-baked  stock  are  con- 
sistent with  relating  the  damping  to  the  softness 
of  the  stock. 

Graphite  is  not  perfectly  elastic  even  at  room  tem- 
perature, but  yields  plastically  to  some  extent.  Figure 
11  gives  a  typical  stress-strain  curve  for  graphite  in 
flexure,  arid  it  can  be  seen  that  the  deflection  does 
not  increase  linearly  with  applied  stress.  In  obtaining 
the  data  for  Fig.  11,  the  stress  was  rcMnoved  after  each 
increase  of  stress  and  the  permanent  deformation 
was  noted;  this  value  is  plotted  at  the  left  of  the 
curve  as  "residual  strain."  Many  such  measurements 
of  stress-strain  curves  for  graphite  have  been  made9 
both  in  tension  and  in  flexure,  and  it  is  apparent  that 
plastic  flow  occurs  under  even  moderate  stresses. 
When  the  stress  is  plotted  against  strain  on  a  log- 
arithmic scale,  a  linear  curve  is  found  with  a  slope 
of  about  0.90  dt  0.02  np  to  about  30%  of  the  ultimate 
strength.  For  greater  stresses,  the  strain  increases 
at  an  ever-increasing  rate  with  respect  to  the  stress. 
The  strain  at  the  breaking  point  is  from  30%  to  45% 
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Figure   11.  Typical  stress-strain  curve  for  graphite 

higher  than  that  calculated  for  an  ideally  elastic 
material  from  the  ratio  of  the  strength  to  the  elastic 
modulus.  Gas-baked  carbon  and  graphitized  lamp- 
black do  not  exhibit  this  plastic  deformation. 

Since  the  real  density  of  graphite  made  from  petro- 
leum coke  varies  from  2.18  to  2.25  and  the  bulk 
density  normally  varies  from  1.45  to  about  1.75  it 
is  obvious  that  graphite  has  a  high  porosity.  Reactor 
graphite  has  a  porosity  in  the  neighborhood  of  25%. 
The  sizes  of  the  pores  are  naturally  dependent  on 
the  grain  size  of  the  starting  material  and  the  pro- 
cessing steps.  By  using  a  mercury  porosimeter,44 
Winslow  and  Glass9  have  determined  the  pore  spectra 
for  a  large  number  of  graphite  stocks.  Figure  12 
gives  a  typical  curve  of  the  pore  spectra  in  the  range 
of  1  to  28  microns.  The  particular  sample  illustrated 
is  a  graphite  made  with  a  coke  blend  of  the  grain- 
size  distribution  shown  in  Fig.  1.  As  can  be  seen, 
there  is  an  appreciable  pore  volume  below  0.1  micron. 

Since  the  graphite  has  a  large  volume  of  fine  pores, 
it  must  have  a  fairly  large  surface  area.  A  number 
of  measurements  of  graphite  surface  area  made  by 
Glass,9  according  to  the  BET  method,  are  shown  in 
Table  XXII  following.  It  can  be  seen  that  the 
surface  areas  range  from  0.47  to  0.87  m2/gm  without 
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any  apparent  trend.  A  slow,  penetrating  oxidation 
of  these  graphites  at  low  temperatures  tends  to  open 
up  many  blind  pores,  exposing  more  surface  area. 
For  example,  oxidation  to  a  \%  weight  loss  increases 
the  surface  area  to  about  2  m2/gm. 

CHEMICAL  PROPERTIES 

Graphite  is  one  of  the  most  inert  of  materials 
with  respect  to  chemical  reaction  wifh  other  elements 
and  compounds.  It  is  subject  to  only  three  types  of 
attack:  oxidation,  formation  of  lamellar  compounds, 
and  reaction  with  and  solution  in  carbide- forming 
metals  in  certain  high-temperature  ranges. 

Oxidation 

Graphite  must  be  protected  from  oxygen  at  high 
temperatures;  otherwise,  it  will  burn  to  CO2  or  CO. 
It  is  interesting  to  note  that  graphite  is  actually  less 
reactive  to  oxygen  at  low  temperatures  than  many 

Table  XXII.     Surface  Area  of  Typical  Graphites 


Coke  source 

Maximum  particle 
sise  in  blend  (in.) 

Surface  area 
(m»/gm) 

E 

Flour  only 

0.47 

F 

Flour  only 

0.85 

E 

1/32 

0.61 

C 

1/32 

0.70 

C 

1/16 

0.69 

G 

1/16 

0.87 

H 

1/16 

0.58 

G 

1/4 

0.73 

H 

1/4 

0.80 

Figure  12.  Pore  size  distribution  in  reactor  graphite 
total  pore  volume  less  than  indicated  diameter 


metals,  but  its  oxide  is  volatile,  and  thus,  no  pro- 
tective oxide  film  is  formed.  Furthermore,  the  high 
porosity  of  normal  graphites  allows  penetration  of 
oxygen  and  presents  a  rather  large  surface  area  for 
oxidation. 

If  one  defines  a  "threshold  oxidation  temperature" 
as  that  at  which  a  sample  loses  approximately  1% 
of  its  weight  in  24  hours,  pure  graphite  has  a 
threshold  oxidation  temperature  of  520°  C  to  560° C 
depending  on  coke  source  and  processing  variables. 
Small  amounts  of  catalysts  are  very  effective  in  in- 
creasing the  oxidation  rate  at  low  temperature,  and 
there  are  enough  of  these  catalysts  in  commercial 
graphite  to  lower  the  threshold  oxidation  temperature 
by  as  much  as  100°  C.  Tests  of  individual  catalysts  as 
additives  to  the  graphite  have  shown,  for  example, 
that  20  to  40  parts  per  million  of  sodium,  potassium, 
vanadium  or  copper  will  increase  the  rate  of  oxida- 
tion by  a  factor  of  six  at  S50°C,  reducing  the  time 
for  a  5%  oxidation  from  120  to  20  hours. 

In  the  temperature  range  200°  C  to  250°  C  above 
the  threshold  oxidation  temperature,  the  oxidation 
is  still  penetrative  in  character,  such  that  the  weight 
loss  is  greater  than  the  volume,  loss.  At  still  higher 
temperatures,  the  oxidation  is  diffusion-controlled, 
with  virtually  all  oxidation  taking  place  at  the  outside 
surface.  In  this  diffusion-controlled  temperature 
region,  and  to  some  extent  in  the  intermediate  tem- 
perature region,  the  oxidation  rate  is  extremely  sensi- 
tive to  the  velocity  of  air  movement  over  the  sur- 
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face.45  The  measurements  of  oxidation  reported 
here  are  in  stagnant  air,  subject  only  to  natural 
convection  in  a  confined  volume. 

Gulbransen  and  Andrew46  measured  the  oxidation 
of  graphite  from  425°C  to  575°C  in  pure  oxygen  at 
pressures  of  0.15  to  9.8  cm  of  mercury  and  found  that 
the  weight  of  the  samples  varied  according  to  the 
equation  W  =  Kt  +  O2,  where  t  is  the  time  and  K 
and  C  are  constants.  In  this  equation,  K  is  the  rate 
of  weight  loss  at  zero  time.  Gulbransen  found  that  K 
varied  with  temperature  in  such  a  way  that  the 
activation  energy  was  36,700  cal/mol. 

Mitchell9  has  carried  out  oxidation  tests  in  air  on 
a  variety  of  purified  graphite  grades  at  500° C,  600°  C, 
and  700° C.  The  rate  of  oxidation  was  found  to 
increase  with  time,  but  leveled  off  after  the  samples 
had  undergone  a  weight  loss  of  several  per  cent.  The 
oxidation  rates  during  this  later  period  of  oxidation 
varied  with  temperature  in  a  manner  consistent  with 
an  activation  energy  of  55,000  cal/mol,  averaged 
for  ten  different  graphite  grades.  Since  this  value 
refers  to  a  different  part  of  the  oxidation  curve,  it  is 
not  inconsistent  with  Gulbransen's  work. 

To  indicate  the  order  of  magnitude  of  oxidation 
rates  in  air,  the  following  Table  XXIII  gives  some 
of  the  average  results  of  Mitchell's  work  on  both 
pure  and  commercial  graphites  at  500°  C,  600°  C,  and 
700°  C.  Mitchell's  samples  were  1.25  in.  diameter  by 
2  in.  long  and  were  suspended  in  a  furnace  from  an 
automatic  recording  balance.  Individual  values  for 
different  graphites  deviated  from  the  indicated  aver- 
ages by  as  much  as  30%. 

Table  XXIII.     Graphite  Oxidation  in  Air  — 
Typical  Values 


Number 

Time 

Time 

of  vari- 

for 1% 

for  6% 

Grapkitt 
sample 

eties  in 
average 

Oxidation 
temperature 

weight 
loss  (hr) 

weight 
loss  (hr) 

Pure 

13 

500°C 

200 

Pure 

13 

600°  C 

7 

25 

Pure 

13 

700°  C 

0.6 

1.8 

Commercial 

1 

500°C 

6 

Commercial 

6 

600°  C 

0.75 

2.5 

Commercial 

6 

700°C 

0.2 

0.7 

Similar  oxidation  effects  on  graphite  are  produced 
by  steam  and  carbon  dioxide  atmospheres.  However, 
the  threshold  oxidation  temperature  is  higher  for 
these  gases.  Commercial  graphite  will  have  a  thresh- 
old oxidation  temperature  of  about  700° C  in  steam 
and  900°  C  in  carbon  dioxide. 

Wet  oxidation  of  graphite  can  be  carried  out  at 
moderate  temperature  by  highly  oxidizing  agents47 
such  as  a  mixture  of  potassium  dichromate  and  phos- 
phoric acid  or  by  potassium  chlorate  in  nitric  acid. 

Lamellar  Compounds  of  Graphite 

Graphite  has  been  found  to  form  a  group  of  com- 
pounds which  have  been  termed  "lamellar",  char- 
acterized by  the  intrusion  between  the  layer  planes 
of  the  graphite  lattice  of  various  molecules  and/or 


ions  with  accompanying  increase  of  the  distance 
between  the  layer  planes.  The  formation  of  such 
lamellar  compounds  can  lead  to  extensive  destruction 
of  a  formed  piece  of  artificial  graphite  and  prevent 
the  application  of  graphite  as  a  containing  vessel  or 
its  use  as  anode  or  cathode  under  conditions  where 
such  lamellar  compound  formation  can  occur.  Fur- 
thermore, the  formation  and  properties  of  these  lamel- 
lar compounds  are  of  considerable  theoretical  inter- 
est. Reviews  have  been  published  by  Hofmann47  and 
Riley.48  The  types  of  lamellar  compounds  of  graphite 
which  have  been  studied  can  be  roughly  classified  as : 

(a)  Compounds    of    graphite    and    certain   acids 
under  oxidation  conditions,  i.e.,  in  the  presence  of 
chemical  oxidants  or  by  electrochemical  oxidation 
(graphite  as  anode). 

(b)  Compounds  of  graphite  and  certain  of  the 
halogens  or  inter  halogens. 

(c}  Compounds  of  graphite  and  certain  alkali 
metals  and  possibly  alkaline  earth  metals. 

(rf)  Compounds  of  graphite  and  certain  metal 
halides. 

(0)  A  fifth  class  represented  by  graphitic  oxide, 
tetracarbon  fluoride  and  carbon  monofluoride,  can 
be  distinguished  in  that,  whereas  these  compounds 
are  found  to  be  lamellar  by  X-ray  examination,  the 
type  of  binding  between  the  carbon  atoms  and  the 
foreign  atoms  (oxygen  and  fluorine)  is  different 
than  for  the  other  lamellar  compounds.  For  these 
materials,  this  binding  appears  to  be  covalent,  and 
the  layer  planes  are  no  longer  aromatic,  but  hydro- 
aromatic. 

The  most  extensively  studied  compound  of  Class 
A  is  graphite  bisulfate,  formed  by  exposure  of 
graphite  to  concentrated  sulfuric  acid  in  the  presence 
of  such  diverse  oxidizing  agents  as  nitric  acid,  chro- 
mic oxide,  potassium  permanganate,  manganese  di- 
oxide, etc.,  or  by  electrolytic  oxidation.49'50  With 
sufficient  oxidation,  the  compound  obtained  has  a 
blue  color.  By  a  combination  of  chemical,  pykno- 
metric  and  X-ray  diffraction  techniques,  Hoffmann 
and  co-workers47'50'51  have  shown  that  in  the  com- 
pound formed,  the  layer  planes  of  the  graphite  lattice 
are  still  essentially  intact  and  that  bisulfate  anions 
and  sulfuric  acid  anions  have  penetrated  between 
these  layer  planes.  The  highest  stage  of  oxidation 
corresponds  to  the  intercalation  of  a  layer  of  bisulfate 
anions  and  sulfuric  acid  molecules  between  each  car- 
bon layer  plane,  with  the  separation  of  carbon  layer 
planes  (along  the  c-axis)  having  increased  from 
3.34  A  to  about  8.0  A. 

The  most  extensively  studied  of  the  second  class 
of  lamellar  compounds  is  the  bromine-graphite  com- 
pound. Rudorff52  found  that  several  types  of  graphite 
combined  with  bromine  in  an  atmosphere  saturated 
at  room  temperature  to  the  extent  of  about  8  gram 
atoms  of  bromine  to  1  gram  atom  of  graphite.  A 
surface  adsorption  of  the  bromine  on  the  graphite 
appears  excluded  since  the  maximum  amount  of 
bromine  taken  up  was  the  same  for  very  finely 
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divided  graphite  and  large  chips  of  Ceylon  graphite. 
Riidorff  concluded  that  a  lamellar  compound  was 
formed  and  from  his  X-ray  data  proposed  an  inter- 
calation of  bromine  atoms  or  molecules  between  every 
second  carbon  layer  plane  with  an  increase  in  carbon 
layer  plane  spacing  to  about  7  A  at  these  lattice 
positions. 

The  lamellar  compounds  of  graphite  with  the 
alkali  metals  were  extensively  studied  by  Freden- 
hagen  and  co-workers53*54  and  by  Schleede  and  Well- 
mann.55  If  a  piece  of  graphite  is  brought  into  contact 
with  molten  potassium  metal,  it  is  rapidly  wetted  and 
in  a  few  seconds  it  swells  and  exfoliates  and  its 
mechanical  structure  is  essentially  destroyed.  This 
very  rapid  destruction  of  the  structure  of  formed 
graphite  has  been  reported  to  take  place  at  room 
temperatures  in  a  sodium-potassium  alloy  liquid  at 
this  temperature.56  Two  types  of  compounds  have 
been  recognized,  one  of  composition  corresponding 
to  C8K,  with  a  layer  of  potassium  intercalated  be- 
tween each  carbon  layer  plane,  and  another  of  com- 
position corresponding  to  QeK,  with  a  layer  of 
potassium  intercalated  between  each  second  layer 
plane. 

The  chief  representative  of  the  fourth  class  of 
lamellar  compounds  is  tbe  FeCla-graphite  compound 
extensively  studied  by  Riidorff  and  Schulz.57  On 
heating  graphite  above  200°  C  in  the  presence  of 
anhydrous  FeCl3,  the  graphite  swells  strongly  and 
FeCla  is  taken  up  by  the  graphite.  Excess  FeCla  is 
readily  removed  by  subliming  or  by  washing,  leaving 
an  apparently  fully  homogeneous  reaction  product. 

Two  structures  or  stages  are  indicated,  one  con- 
taining (after  removal  of  loosely  held  FeQ3)  about 
56-57%  FeCla,  the  other  about  31%  FeCl3,  and 
two  X-ray  patterns  were  found,  distinct  from  each 
other  and  from  the  original  graphite  and  the  FeCU. 
The  compound  with  the  higher  FeCls  content  is 
pictured  as  a  typical  lamellar  compound  with  a 
"layer"  of  FeCla  molecules  (itself  a  three-plane 
layer  lattice)  intercalated  between  each  carbon  layer 
plane  (a  first-stage  compound).  The  compound  with 
the  lower  FeCl3  content  is  pictured  as  a  "third-stage" 
compound  with  a  "layer"  of  FeCls  molecules  inter- 
calated between  each  third  carbon  layer  plane.  The 
spacing  between  carbon  layer  planes  with  intercalated 
FeCl3  is  about  9.4A. 

Reaction  with   Carbide-Forming   Metals 

Because  of  its  ease  of  machining  and  general 
high-temperature  stability,  graphite  is  now  one  of 
the  most  universally  used  mold  and  crucible  materials 
for  critical  high-temperature  applications.  Its  high 
thermal  conductivity  is  frequently  desirable  in  pro- 
viding a  quick  chill,  and  makes  possible  the  use  of 
graphite  dies  for  continuous  casting  processes.  Graph- 
ite has  been  found  suitable  commercially  for  the  cast- 
ing or  melting  of  copper,  brass,  magnesium,  aluminum 
and  high  and  low  carbon  steels.58  It  is  completely 
inert  to  liquid  tin  and  bismuth  up  to  1500°C.50  In 
addition  to  these  metals,  the  Liquid  Metals  Hand- 


book56 reports  that  graphite  is  suitable  for  use  with 
antimony,  zinc,  gallium  and  mercury,  and  has  limited 
corrosion  resistance  to  aluminum,  magnesium,  and 
lead.  The  reported  unsuitability  of  graphite  for 
liquid  alkali  metals  is  due  to  the  tendency  toward 
lamellar  compound  formation,  as  described  in  the 
previous  section. 

The  principle  limitation  to  the  use  of  graphite  in 
metallurgy  is  its  tendency  to  form  carbides  with 
many  metals  arid  to  dissolve  in  those  metals.  Among 
the  strongest  carbide-forming  metals  are  molyb- 
denum, vanadium,  silicon,  chromium,  nickel,  tita- 
nium, zirconium,  and  boron.  Despite  the  solubility 
of  carbon  in  these  metals,  graphite  has  been  employed 
successfully  in  melting  many  of  them.60  For  example, 
in  the  case  of  titanium  and  zirconium,  Haskell61 
describes  the  effects  of  melt  temperature  and  time 
while  molten  on  the  pick-up  of  carbon  from  graphite 
crucibles,  and  Kroll  and  Gilbert62  give  various 
methods  of  melting  to  minimize  carbon  pick-up. 
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The  graphite  used  in  the  construction  of  reactors 
is  obtained  by  the  usual  method:  a  paste  is  made 
starting  from  oil  coke  and  pitch;  it  is  baked  in  an 
electrical  oven  and  the  baked  product  is  graphitized 
by  electrical  heating. 

The  production  of  nuclear  quality  graphite  which 
has  been  entrusted  by  the  Commissariat  a  1'Energie 
Atomique  to  the  Societe  "Pechiney"  required  an 
increase  in  the  production  of  that  company  and  new 
shops  were  built  in  which  a  high  degree  of  mechan- 
ization makes  it  possible,  among  other  advantages, 
to  reduce  accidental  contamination  to  a  minimum. 

In  particular,  use  was  made  of  pneumatic  trans- 
portation in  the  preparation  of  the  crude  paste. 

PREPARATION  OF  THE  CRUDE  PRODUCT 

The  coke  is  crushed  and  suitable  grain  size 
achieved  by  mechanical  classification  and  automatic 
weighing,  the  product  passing  by  gravity  from  one 
instrument  to  the  next.  The  powdered  coal-tar  pitch 
is  also  weighed  automatically  and  put  in  the  mixers 
with  a  suitable  load  of  coke.  The  apparent  density 
of  the  baked  products  varies  quite  rapidly  once  the 
ratio  between  the  weights  of  coal-tar  pitch  and  coke 
changes,  so  that  the  regularity  of  the  initial  mixture 
and  its  good  homogenization  by  mixing  are  of  the 
highest  importance.  The  possible  addition  of  an  oil 
which  reduces  the  extrusion  pressure  required  may 
also  have  some  effect  on  the  density. 

Extrusion  is  carried  out  in  a  3400  ton  horizontal 
press  made  by  Ateliers  and  Chantiers  de  la  Loire.1 
The  carriage  which  receives  the  extruded  product 
is  equipped  with  an  automatic  device  actuated  by 
contact  with  the  extruded  bar,  which  makes  it  pos- 
sible to  cut  the  latter  at  a  predetermined  length. 
Mixing  and  extrusion  are  of  necessity  discontinuous 
operations  and  contact  between  a  press  load  and 
the  next  was  studied  by  adding  a  radioactive  sodium 
salt  to  certain  charges.  It  was  thus  noted  that  the 
residue  from  the  former  load  forms  the  outer  surface 
of  the  extruded  product  in  which  the  new  load  makes 
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a  sort  of  central  conical  needle.  Contact  is  prolonged 
over  approximately  %  of  the  products,  and  it  will 
be  understood  that  during  baking,  it  may  constitute 
a  weak  point,  particularly  if  the  successive  charges 
of  the  press  are  not  very  evenly  estimated.  There 
again  we  find  an  explanation  of  the  texture  defects 
which  sometimes  appear  in  the  current  products, 
with  the  appearance  of  a  more  or  less  broad  circle 
in  the  center  of  the  faces  of  the  square  cross  section 
graphite  bars. 

BAKING  AND  GRAPHITIZATION 

Each  one  of  the  ten  ovens  in  the  graphitization 
hall  can  receive  a  minimum  load  of  20  tons  of  crude 
baked  products.  These  ovens  are  energized  by  pass- 
ing alternating  currents  through  three-phase-single 
phase  static  transformers;  a  compensation  block 
makes  it  possible  to  avoid  too  rapid  a  drop  in  the 
power  factor  when,  with  the  progress  of  graphitiza- 
tion, the  current  increases  ( maximum  50,000  amperes 
per  oven)  while  the  voltage  at  the  terminals  of  the 
oven  is  reduced. 

During  graphitization,  it  is  important  that  the 
rise  of  temperature  be  as  uniform  as  possible  over 
the  whole  of  the  oven.  This  requirement  is  quite 
difficult  to  meet.  In  the  course  of  baking,  the  tem- 
perature is  checked  at  various  points  with  the  help 
of  ordinary  thermocouples.  This  is  no  longer  possible 
in  graphitization  when  the  temperature  exceeds 
2000° C.  Some  tests,  which  conceivably  were  too 
fast,  showed  that  thermocouples  made  up  of  graphite 
and  carbon  black,  or  graphite  and  niobium  carbide, 
did  not  provide  an  easy  solution  to  the  problem. 
An  optical  method  may  be  used,  but  it  is  unwieldy, 
and  docs  not  appear  to  provide  a  constant  check-up 
(levice.ff 

Thus,  one  is  limited  to  thermo-electrical  measure- 
mcnts  at  the  beginning  of  the  operation,  and  to  the 
deductions  which  may  be  made  following  examina- 
tion of  the  products  once  the  operation  is  finished. 
At  any  rate,  the  result  sought  can  be  achieved  only 
by  a  lengthy  series  of  successive  approximations.  It 

tfWe  do  not  believe  that  the  measure  of  resistivity  (carried 
out  at  a  later  time)  of  standard  samples  of  a  graphite  or 
graphite  paste  give,  as  claimed  by  some,  a  good  measure  of 
the  highest  temperature  reached.  Our  experiments  do  show 
that  the  resistivity  figure  obtained  is  substantially  dependent 
on  the  duration  of  heating,  even  above  2600° C,  and  beyond 
the  time  during  which  this  temperature  is  prevailing  in  the 
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requires  painstaking  care,  not  only  in  the  operation 
of  the  oven,  but  also  in  its  set-up  and  in  particular 
in  the  detailed  arrangement  of  the  coke  granules 
which  separate  and  surround  the  products,  and  of 
the  carborundum-sand  mixture  which  makes  up  the 
heat  absorbing  layer. 

PURITY 

The  impurities  in  the  coke  are  nearly  totally  elim- 
inated under  the  effect  of  the  high  temperatures 
which  prevail  in  a  graphitization  oven.  However, 
some  are  fairly  persistent,  in  particular  boron,  mag- 
nesium, titanium,  vanadium  and  the  rare  earths. 
Nevertheless,  a  combined  method  of  graphitization 
and  purification  by  a  halogenated  reagent  makes 
it  possible  to  achieve  great  purity  for  coke  of  any 
quality,  in  particular  as  regards  the  boron  content. 
Silicon,  present  in  large  amounts  in  the  oven,  and 
other  non-volatile  impurities  are  inevitably  found 
in  the  graphite.  Thus,  one  is  free  to  choose  cokes, 
not  on  the  strength  of  their  boron  content,  but  ac- 
cording to  other  characteristics,  and  particularly  to 
the  properties  which  they  impart  to  the  finished 
products. 

The  graphite  so  produced  is  tested  by  the  pile 
oscillation  method  subjected  to  boron  estimation 
(chemical  and  spectroscopic),  to  a  semi-quantitative 
spectrographic  examination,  and  to  activation  an- 
alyses. Most  of  these  tests  are  described  in  other 
papers  from  France.^ 

A  product  which  is  typical  of  our  current  fabrica- 
tion gives  the  following  analysis : 


Element 
Content 
in  10-« 


Total 

Cat-    Hydro-  Mangan*    Vana-    Tita-    rare 

Boron  ciutn      gen         Iron       esc           dium      mum  earths 

0.3      60        15        15       0.1         23        17      0.1 


As  a  whole,  these  impurities  do  not  add  more  than 
0.4  millibarns  to  the  capture  cross  section  of  carbon. §§ 
The  nitrogen  trapped  in  the  pores  then  constitutes 
an  essential  impurity,  since  its  capture  cross  section 
corresponds  to  approximately  0.26  mb  per  carbon 
atom. 

The  density  of  our  products  which  is  close  to  1 .63 
in  ordinary  production  implies  a  porosity  of  28% 
in  volume.  We  verified  that  95%  of  these  pores  arc 
open  pores.  The  gases  extracted  below  1100° 
from  graphite  samples  heated  under  vacuum  fol- 
lowing degassing  under  vacuum  at  room  tempera- 
ture together  amount  to  approximately  0.15  ml  per 
gram. 

JJThe  regularity  of  manufacture  is  sufficient  for  semi- 
quantitative  spectroscopic  boron  determinations  at  some 
points  chosen  in  advance  in  the  sample  rods  to  warrant  pre- 
diction of  the  values  of  the  cross  section  as  given  by  the 
oscillation  method. 

§§In  addition  to  the  manufacture  of  nuclear  type  graphite, 
we  have  designed  a  production  process  for  very  high  purity 
spectrographic  electrodes,  the  intrinsic  spectrum  of  which  is 
not  more  charged  than  those  of  Johnson  and  Mathey  or 
National  Carbon. 


Their  composition,  taken  from  an  ordinary  sam- 
ple, is  as  follows : 

Gas  ATa  Of  CO,  CO 

%  14  1.5  2.5  14 

Gas  Hydrocarbons  till  Ht  H,O 

%  3.7  55  8.1 

The  distribution  of  the  impurities  in  the  various 
parts  of  the  rods  and  in  various  rods  from  the  same 
oven  is  an  extremely  important  indication  of  the 
degree  of  perfection  of  the  fabrication  process.  Re- 
cently we  have  achieved  good  homogeneity  of  the 
products.  There  is  no  systematic  difference  of  im- 
portance between  the  central  and  lateral  bars  or 
between  the  center  of  the  bars  and  their  extremities. 
The  surface  of  the  products  is  a  little  less  pure  but 
this  "skin",  a  few  millimeters  thick,  is  eliminated  by 
the  machining,  which  for  mechanical  reasons,  affects 
a  greater  thickness.  These  facts  not  only  show  that 
the  temperature  is  reached  in  the  oven,  but  also  that 
the  following  conditions  are  fulfilled:  (1)  sufficient 
uniformity  in  temperature;  (2)  effective  control  of 
purity  of  the  constituents  of  the  oven  including  the 
coke  granules;  and  (3)  no  return  of  impurities  from 
the  edges  of  the  oven  toward  the  centers. 

There  again,  the  condition  for  success  is  that  the 
oven  be  set  up  with  great  care,  and  that  its  opera- 
tion be  closely  supervised. 

PHYSICAL  AND  MECHANICAL  PROPERTIES 

The  density  achieved  is  a  little  over  1.60;  but 
the  conditions  under  which  very  much  higher  values 
can  be  achieved  (reaching  1.74  by  direct  graphitiza- 
tion) have  been  defined. 

Electrical  resistivity  is  about  800  /jtohm/cm. 

The  ultimate  tensile  strength,  close  to  2  hg/mm-, 
obviously  increases  with  the  density.  Young's  modu- 
lus (determined  by  measurement  of  the  resonance 
frequency  of  a  bar  of  known  dimensions  using  ultra- 
sonic vibrations)  is  of  the  order  of  cS  X  1010 
dyne/cm2.  The  size  of  the  crystallites  along  the 
senary  plane,  is  approximately  500  to  1000  A. 

The  linear  expansion  coefficients  are  a  little  lower 
in  the  direction  of  the  extrusion  (1.4X  10~6/°C) 
than  at  right  angles  to  it  (3.2  X  10-6/°C).  The 
anisotropy  so  revealed  is  comparable  to  that  shown 
by  the  electrical  resistivity. 

An  accurate  measurement  of  the  cycles  of  com- 
pression and  length  reduction  as  a  function  of  the 
compressive  force  now  has  been  undertaken  with 
the  help  of  a  high  precision  machine  designed  for 
other  purposes,  especifically  for  the  study  of  con- 
crete, by  Mr.  Berthier  of  the  University  of  Grenoble. 
The  preliminary  results  obtained  to  date  show  that 
the  cycles  obtained  vary  quite  markedly  with  the 
nature  of  the  raw  materials  and  the  conditions  of 
graphite  preparation.  A  correlation  between  the  prop- 
erties and  other  characteristics  has  to  be  established. 


presence  of  hydrocarbons  other  than  methane  sug- 
gests that  reactions  between  the  atmospheric  water  vapour 
and  graphite  could  take  place  during  the  slow  cooling  in  the 
ovens.  This  subject,  which  is  of  academic  interest,  is  men- 
tioned here  for  the  sake  of  completeness. 


476 


VOL.  VIII         P/343         FRANCE        J.  GUERON  ef  of. 


dtt 


I 

Jl     I 

D> 

"5 

*u 

<€ 

o 


0> 

•g 

I 

I 

i 

E 


. 

"5 
I 
1 


NUCLEAR  GRAPHITE  IN  FRANCE 


477 


MEANS  OF  STUDY 

The  laboratory  of  the  graphitization  shop  where 
the  Pechiney  engineers  and  those  of  the  C.E.A.  work 
together  on  programs  decided  in  common  now  has 
the  following  instruments  at  its  disposal:  (1)  a  50 
ton  laboratory  extrusion  press;  and  (2)  two  ovens 
of  the  Tamman  type  with  a  graphite  tube  having 
an  internal  diameter  of  100  mm  and  a  length  of 
2.70  m.,  fed  with  a  variable  voltage  of  0  to  25  v, 
and  with  currents  of  up  to  5000  amp.  The  median 
zone  presents  an  essentially  uniform  temperature 
over  approximately  60  cm. 

In  addition,  a  pilot  oven,  similar  to  the  industrial 
oven  (but  4  m  long)  working  under  450  kva,  and 
capable  of  graphitizing  250  kg  to  500  kg  of  prod- 
uces, is  located  in  the  industrial  bay.  It  has  been  used 
for  half  size  experiments  which  proved  valuable, 
despite  the  difficulties  encountered  when  changing 
scales  in  systems  having  so  many  variables.  How- 
ever, the  large-scale  experiments  are  so  slow  (some 


two  months  between  the  extrusion  of  a  rod  and  its 
coming  out  of  the  graphitization  oven),  that  any 
accelerated  means  of  study  is  most  useful  even 
though  it  might  be  imperfect. 

From  the  results  listed  above,  we  shall  now  carry 
our  study  of  the  relationship  between  the  processing 
conditions  of  graphite  and  its  physical  and  mechani- 
cal qualities  another  step.  In  particular,  we  will 
look  into  its  behavior  under  intense  irradiation. 

The  methods  used  and  the  first  results  achieved 
in  this  field  are  dealt  within  another  paper  from 
France.2 
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Some  Experiments  Concerning  Pile  Materials 

By  B.  Buras,*  Poland 


PART  1:     THE  PRODUCTION  OF  GRAPHITE  FROM 
LOW-BORON  RAW  MATERIALS! 

Studies  have  been  made  of  the  production  of  pile 
graphite  by  selection  of  raw  materials,  and  by  rais- 
ing the  temperature  of  graphitization  above  the 
normal  range  in  industrial  practice.  A  second  line 
of  approach  has  been  the  production  of  high  purity 
cokes  by  pyrolysis  of  certain  commercially  available 
hydrocarbons,  and  graphitization  of  the  resultant 
cokes  by  conventional  industrial  techniques.  Some 
work  has  also  been  done  on  the  purification  by 
chemical  and  physical  means  of  raw  materials  for 
graphite  production. 

In  a  series  of  experiments  on  the  industrial  scale, 
the  effects  on  product  purity  of  selection  of  raw 
materials  for  low-ash,  low-boron  content  and  of 
raising  the  temperature  of  graphitization  have  been 
separately  studied.  Furnaces  used  for  graphitizing 
trials  were  the  conventional  electrical  resistance  type 
having  a  normal  charge  capacity  of  8-15  tons.  For 
special  trials  these  furnaces  were  sometimes  loaded 
under  capacity.  Crushing,  grinding,  calcination,  mix- 
ing with  binder,  pressing  and  pre-baking  before 
graphitization  were  done  in  ordinary  industrial  equip- 
ment. In  these  phases  no  special  precautions  were 
taken  to  limit  passage  of  impurities  into  the  charges 
by  wear  of  grinding,  crushing  or  mixing  surfaces, 
or  by  distillation  from  refractories  during  calcination 
or  baking. 

In  preliminary  work  it  was  found  that  the  total 
ash  content  of  petroleum  cokes  can  be  halved  by 
hand  selection  of  the  coke  to  reject  pieces  which 
had  been  next  to  the  walls  of  the  distilling  retort. 
This  simple  procedure  was  used  to  select  raw 
material  for  trials  in  which  blocks  were  graphitized 
through  a  normal  industrial  graphitizing  cycle  of 
72  hours  in  the  transformer,  with  a  charge  of  2.5 
tons.  As  a  binder  for  these  blocks,  a  pitch  of  70°  C 
softening  point  was  prepared  from  coal  tar  selected 
for  low  ash  content  from  available  production  in 
different  tar-producing  plants  (the  ash  content  of 
the  tar  was  0.12%).  The  boron  and  total  ash  con- 
tents of  graphite  prepared  from  these  materials  were 
compared  with  those  of  graphite  prepared  under 
similar  conditions  from  non-selected  petroleum  coke 

The  work  was  done  on  behalf  of  the  Polish  Academy  of 
Sciences. 

t  Report  on  work  done  by  K.  Nowak  et  al.,  B.  Kalinowski 
et  al.,  S.  Suknarowski  et  a/.,  A.  Grossman  and  J.  Land- 
kowski. 


and  pitch  prepared  from  non-selected  coal  tar  of 
ash  content  0.16%.  The  ash  content  of  the  pre- 
baked  blocks  from  selected  materials  was  on  aver- 
age 0.5%  before  graphitization,  while  blocks  from 
non-selected  materials  had  an  ash  content  of  1.0%. 
The  results  in  Table  I  clearly  show  the  advantage  of 
even  such  simple  selection  procedure  in  reducing 
boron  and  ash  contents  in  the  graphite. 

Table  I.     Effect   of   Simple   Selection    of    Raw 
Materials  on   Purity  of  Graphite 


Raw  materials 


Boron  content 
of  graphite 


Total  ash  of 
graphite  % 


Non-selected 
Selected 


(ppm) 

10-15 

2-4 


0.3 
0.1 


Simultaneously  the  effect  on  product  purity  of 
increasing  the  graphitizing  temperature  was  studied 
in  an  independent  series  of  trials.  Non-selected  pe- 
troleum coke  and  70°  C  pitch  were  used  as  raw  mate- 
rials. The  temperature  of  graphitization  was  raised 
by  increasing  the  heating  time  on  the  transformer 
from  72  hours  to  162  hours.  At  the  same  time  the 
charge  in  these  furnaces  was  reduced  from  the 
normal  weight  of  10  tons  to  2.2-2.5  tons,  so  that 
energy  expenditure  per  unit  weight  of  core  could 
be  increased  for  a  given  heating  current  by  reduc- 
tion of  core  cross  section,  and  so  that  thicker  in- 
sulating layers  could  be  used.  Results  are  shown 
in  Table  II. 

From  these  results  it  can  clearly  be  seen  that  both 
ash  and  boron  contents  were  improved  by  raising 
the  temperature  of  graphitization.  The  result  with 
regard  to  total  ash  content  is  a  well-known  phe- 
nomenon. The  result  with  regard  to  boron  content 
is  at  the  present  moment  not  understood.  A  simple 
theory  involving  loss  of  boron  from  the  charge  by 
decomposition  of  boron  carbide  at  higher  tempera- 
tures is  not  applicable  for  two  reasons.  In  the  first 
place  the  temperature  of  decomposition  of  boron 
carbide  is  too  high  for  this  phenomenon  to  be  sig- 
nificant in  these  furnaces.  In  the  second  place  ex- 
periments show  that  an  atmosphere  of  diffusing 
boron  exists  in  the  charge  during  at  least  part  of 
the  graphitizing  cycle.  Even  if  some  thermal  decom- 
position of  boron  carbide  had  occurred,  then  after 
the  furnace  was  disconnected  from  the  transformer 
the  diffusing  boron  might  tend  to  be  fixed  as  carbide 
in  the  charge  as  the  temperature  of  the  latter  fell 


478 


PILE  MATERIALS 


479 


Table  II.     Effect  of  Raising  Graphitizing  Tempera- 
ture on  Boron  and  Total  Ash  Contents  of  Product 


Charge    Time  on 

Average  ash 
content  of 

Exp. 
no. 

in          trans- 
metric     former 
tons          (hr) 

kwh 
X 
10* 

Boron  content  of 
graphite  (ppm) 
(centres  of  blocks) 

(centres  of 
graphite  (%) 
blocks) 

1. 

10           72 

_ 

10-12 

0.30 

(normal) 

2. 

2.5          101 

99 

10 

0.25 

3. 

2.3         102 

89 

10 

0.29 

4. 

2.2         162 

132 

2.5  -  5.0 

0.08 

5. 

2.2         234* 

- 

1.8-3.5 

0.09 

*Graphitized  twice;  once  for  72  hours  in  experiment  1, 
and  again  for  162  hours  in  experiment  4. 

through  the  range  in  which  boron  carbide  formation 
occurs. 

The  existence  of  a  diffusing  atmosphere  of  boron 
in  the  charge  during  the  graphitizing  cycle  was 
shown  by  placing  blocks  of  pressed  highly  pure  coke 
from  naphthalene  pyrolysis  in  a  graphite  crucible 
and  locating  the  crucible  in  the  charge  of  a  nor- 
mally loaded  graphitizing  furnace.  Before  exposure 
in  the  furnace  the  coke  had  less  than  0.5  ppm  boron, 
and  after  exposure  more  than  5  ppm. 

The  diffusion  of  boron  during  the  graphitizing 
cycle  was  also  shown  by  finding  that  pre-baked  blocks 
immediately  before  graphitization  in  the  experiments 
1,  2  and  3  of  Table  II,  had  less  boron  (2-3  ppm) 
than  after  graphitization  (10-12  ppm).  Possibly 
the  mechanism  suggested  above  of  fixation  of  boron 
as  boron  carbide  in  the  cooling  core  plays  a  part  in 
this  concentration  of  boron  in  the  central  regions 
of  the  furnace.  This  interesting  phenomenon,  and 
the  observed  reduction  of  boron  in  the  product  by 
raising  the  temperature  of  graphitization  are  under 
further  study.  Perhaps  the  effect  of  prolonging  the 
heating  time  in  reducing  boron  content  lies  not  so 
much  in  raising  the  temperature  of  the  core,  but  in 
giving  more  time  to  the  diffusing  boron  to  escape 
from  the  central  parts  of  the  furnace. 

As  a  result  of  the  above  empirical  findings,  both 
selection  of  raw  materials  and  raising  the  tempera- 
ture of  graphitization  have  been  introduced  into  later 
work  on  producing  pile  graphite.  To  limit  the  con- 
centration of  boron  from  the  periphery  of  the  cen- 
tre of  the  furnace,  steps  have  been  taken  to  reduce 
amounts  of  boron  in  the  outer  furnace  layers  as 
well  as  in  the  core.  Fireclay  bricks  used  in  construc- 
tion of  normal  graphitizing  furnaces  were  found  to 
be  surprisingly  rich  in  boron  and  have  been  replaced 
by  a  magnesite  refractory  of  much  lower  boron  con- 
tent. Sawdust  is  being  eliminated  in  the  insulating 
coke  layer.  In  the  experiments  reported  above,  cal- 
cined non-selected  petroleum  coke  was  used  for 
the  outer  insulating  layers,  but  in  current  work  coke 
selected  for  lower  boron  content  is  being  used.  In 
addition  for  the  outer  insulating  layers  the  possibility 
is  being  explored  of  using  a  mixture  of  carbon  black 
and  pitch,  pressed  into  blocks,  baked  and  broken  up 
into  suitable  lump  size.  Carbon  blacks  of  less  than 
0.5  ppm  boron  content  are  available  in  large  amounts 


from  native  production.  Production  of  low-boron 
pitch  is  referred  to  later.  Carbon  black/pitch  mix- 
tures do  not  themselves  graphitize  well  of  course, 
but  they  may  give  suitable  low-boron,  low-ash  in- 
sulating material. 

An  approach  to  the  problem  of  producing  espe- 
cially pure  graphite  has  been  the  use  of  cokes  pre- 
pared by  the  pyrolysis  of  naphthalene.  Naphthalene 
was  selected  as  being  available  in  farge  amounts,  and 
because  naphthalene  chars  should  theoretically  be 
excellent  material  for  graphitization. 

In  earlier  laboratory  experiments  the  coking  of 
naphthalene  vapour  was  studied  in  quartz,  carbon, 
and  fire-resistant  steel  tubes.  Parameters  of  the 
coking  process  were  evaluated  tq  allow  projection 
of  semi-technical  equipment. 

During  the  pyrolysis  of  naphthalene  in  the  tem- 
perature range  850-1200°C,  three  products  appear: 
a  hard  coke  clinging  to  walls  of  the  pyrolysis  tube, 
a  powdery  coke  found  in  the  pyrolysis  tube,  and  a 
fine  dust  which  is  carried  out  of  the  pyrolysis  tube 
by  the  stream  of  gases. 

At  1000°  C  naphthalene  vapour  deposits  a  hard 
fine-structured  coke  on  the  walls  of  quartz  or  steel 
tubes.  After  grinding,  binding  with  minimal  amounts 
of  70° C  coal-tar  pitch,  pre-baking  and  graphitization 
in  a  normally  heated  industrial  graphitizing  furnace, 
this  coke  was  found  by  X-ray  analysis  to  graphitize 
only  to  approximately  50%.  When  naphthalene  va- 
pour is  pyrolyzed  at  1200° C,  the  resultant  coke,  in 
admixture  with  70° C  pitch,  graphitizes  excellently 
in  industrial  furnaces,  X-ray  analysis  showing 
90-95%  graphitization. 

In  Table  III  the  hydrogen  content  of  naphthalene 
coke  is  shown  as  a  function  of  temperature. 

The  dust-like  material,  when  obtained  at  1200° C, 
and  then  submitted  to  graphitization  in  an  industrial 
furnace,  after  binding  with  minimal  amounts  of  70°C 
pitch,  was  found  to  graphitize  to  only  25%,  and  must 
thus  be  considered  as  a  loss  from  the  point  of  view 
of  graphitizable  product. 

In  Table  IV  are  shown  yields  of  the  various  coke 
fractions  as  a  function  of  temperature  for  a  through- 
put of  1.65  gm/min  in  20-mm  diameter  quartz  tubes. 

In  laboratory  studies  it  was  determined  that  both 
commercial  pressed  and  sublimed  naphthalenes  when 
pyrolysed  in  quartz  tubes  gave  cokes  containing  less 
than  0.2  ppm  boron,  and  ash  less  than  0.01%.  Coking 
in  tubes  made  from  Polish-produced  fire-resistant 
steel,  gave  no  increase  in  boron  content  in  the  coke, 

Table  III.     Hydrogen  Content  of  Naphthalene  Coke 
as  a  Function  of  Pyrolysis  Temperature 

Hydrogen  content  % 

Temperature  *C      Hard  coke          Powder  coke        Light  dust 


"850 

1.17 

1.50 

1.63 

900 

1.01 

1.15 

1.45 

950 

0.76 

0.95 

1.35 

1000 

0.69 

0.89 

1.26 

1100 

0.43 

0.66 

0.76 

1200 

0.29 

0.40 

0.54 
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Table  IV.    Yield  of  Naphthalene  Coke  Fractions 
as  a  Function  of  Pyrolysis  Temperature 

Distribution  of  Coke 


Temp. 

Total 
yield 
of 
coke  % 

Non- 
pyrolvsed 
Naph- 
thalene 

% 

Losses 

% 

Hard 
coke 
as  % 
total 
coke 

Powdery 
coke  ax 
% 
total 
coke 

Dust- 
likg 
coke 
as% 
total 
coke 

850 
900 
950 
1000 
1100 
1200 

43.8 

52.0 
75.2 
79.6 
94.1 
94.0 

49.9 
42.0 
18.8 
14.4 
0.2 
0.2 

6.3 
6.0 
6.0 
6.0 

57 
5.8 

18.5 
29.1 

50.2 
56.0 
72.1 
68.0 

14.5 
10.2 
12.0 
10.0 
11.2 
14.0 

10.8 
12.7 
13.0 
13.6 
10.3 
12.0 

although  small  amounts  of  iron  passed  into  the  prod- 
uct. This  contamination  with  iron  was  not  serious, 
since  the  total  amount  of  contamination  was  within 
tolerance,  and  in  any  case  previous  studies  had  shown 
that  a  considerable  amount  of  the  iron  present  in 
coke  can  be  evaporated  during  the  graphitizing  proc- 
ess. The  carbonization  of  the  steel  tubes  under  the 
coke  layer  even  at  1200°C  was  sufficiently  small  in 
laboratory  experiments  to  warrant  building  the  small 
drum-type  reactor  referred  to  later.  Coking  in  tubes 
made  from  a  baked  mixture  of  crushed  petroleum 
coke  and  70°C  pitch,  did  not  give  rise  to  any  con- 
tamination of  the  naphthalene  coke  with  boron,  even 
at  1200°  C,  despite  the  fact  that  these  tubes  con- 
tained more  than  5  ppm  of  boron.  Such  tubes  can  thus 
be  used  in  the  vertical  fluidized-bed  reactor  for  cok- 
ing naphthalene  described  later. 

Two  types  of  semi-technical  scale  apparatus  have 
been  built  for  producing  coke  from  naphthalene. 

The  first  apparatus  is  a  drum-type  reactor,  in 
which  naphthalene  vapour  is  squirted  through  nozzles 
into  a  fire-resistant  steel  coking-drum  heated  to 
1200°C  by  external  natural  gas  burners.  A  scheme 
of  the  reactor  is  shown  in  Fig.  1.  A  rectangular 
drum  is  used  and  coke  is  removed  by  opening  the 
asbestos-gasket-sealed  lid  of  the  drum  after  allow- 
ing to  cool.  Progress  of  the  coking  can  be  followed 
by  metering  the  hydrogen  output.  Nitrogen  is  used 
as  carrier  for  the  naphthalene  vapour.  Non-pyrolysed 
naphthalene  can  be  recovered  from  the  cyclone  and 
scrubbers. 

The  second  apparatus  is  designed  to  overcome  the 
disadvantages  of  batch  operation  in  the  drum  reac- 
tor. A  vertical  shaft  of  baked  carbon  or  graphite 
holds  a  bed  of  naphthalene  coke,  fluidized  in  an 

Table  V.     Sieve  Analysis  of  Pyrolysate  of 

Naphthalene  Vapour  on  Fluidized 

Coke  Bed  at  1200°C 


Grain  sift  (mm) 

%  in  product 

2 
1.5-2.0 
1.0-1.5 
0.5-1.0 
0.3-0.5 
0.3 

0.86 
0.96 
2.29 
11.57 
27.16 
56.89 

upward  gas  stream.  A  drawing  is  shown  in  Fig.  2. 
Naphthalene  is  regularly  fed  to  the  melter.  The 
molten  output  at  120° C  flows  to  the  boiler,  where' 
a  constant  depth  of  5  cm  of  molten  naphthalene  is 
maintained.  The  vapour  is  pre-heated  to  350°C  and 
passes  to  the  base  of  the  coking  shaft.  Coking  of  the 
vapour  occurs  at  1200°C  on  the  surface  of  the 
fluidized  coke  granules.  As  the  size  of  the  coke 
granules  in  the  shaft  increases,  so  they  fall  to  the 
bottom  and  are  removed.  If  pressure  in  the  naphtha- 
lene boiler  falls  below  200-mm  water,  then  nitrogen 
automatically  flows  in  from  the  gas-holder  to  prevent 
intake  of  air  to  the  coking  shaft.  On  the  basis  of 
earlier  experiments,  coking  efficiency  is  about  60- 
65%.  The  graphite  or  baked  carbon  shaft  is  heated 
externally  by  combustion  of  coke-oven  gas,  and  is 
protected  from  burning  by  an  outer  casing  of  fire- 
clay refractory. 

Experiments  on  the  pyrolysis  of  naphthalene  va- 
pour on  fluidized  coke  beds  have  shown  that  the 
distribution  of  grain  size  in  Table  V  can  be  obtained 
in  the  product.  This  grain  distribution  adequately 
meets  the  requirement  for  granularity  of  coke  in 
manufacture  of  a  number  of  types  of  graphite  so 
that  for  many  purposes  contamination  of  the  coke 
from  wear  of  grinding  surfaces  in  subsequent  mill- 
ing may  be  avoided. 

Naphthalene  coke  prepared  by  this  means  is  found 
to  have  low  hygroscopicity,  the  water  content  after 


1® 


Earth  gas 


99.73 


Figure  1.  Drum  type  reactor  for  coking  naphthalene:  (1)  nitrogen 
tank;  (2)  flowmeter  for  nitrogen;  (3)  naphthalene  boiler;  (4)  drum 
reactor;  (5)  cyclone;  (6)  scrubber;  (7)  flowmeter  for  waste  gases; 
(8)  thermocouple  recorder;  (9)  natural  gas  burners;  (10)  natural 
gas  burners 
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Figure  2.  Fluidized  bed  continuous  reactor  for  coking  naphthalene:   (1)  naphthalene  melter;   (2)  naphthalene  boiler; 

(3)  naphthalene  preheater  (4)  vertical  flutdized  bed  coking  shaft;  (5)  heat  exchanger;  (6)  waste  gas  vent;  (7)  blower; 

(8)  nitrogen  gas  holder  connected  to  naphthalene  boiler  and  preheated  naphthalene  line;  (9)  nitrogen  tank 
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Table  VI.    De-Ashing  of  Tar  and  Pitch  by  Filtration 
after  Dilution  with  Benzene  and  Acetone 


Ash 
content  of 
raw 
Raw              material 
material              (%) 

Solvent 
used  for 
dilution 

%  Ash  in 
filtrate 
%  Insoluble*       after 
remaining       solvent 
on  filter        removal 

Coke  oven  tar      0.15 
Coke  oven  tar      0.15 
Coke  oven  pitch  0.10 
Coke  oven  pitch  0.10 

Acetone 
Benzene 
Acetone 
Benzene 

17.2           0.014 
10.0          0.001 
57.1           0.064 
31.0          0.023 

exposure  to  the  open  air  for  several  days  being  only 
0.01%.  Thus  special  precautions  during  storage  and 
transport  are  not  necessary. 

A  simple  horizontal  graphite  or  carbon-tube  coking 
apparatus  is  under  construction  for  studies  of  coking 
of  naphthalene  and  other  hydrocarbons.  The  tube  is 
encased  in  a  protective  refractory  sheath  and  is 
heated  from  outside  by  gas  burners.  In  such  appa- 
ratus the  coke  deposits  at  the  input  end  of  the 
heated  zone,  so  that  in  order  to  avoid  blocking  of 
the  tube  the  heated  zone  is  moved  slowly  along  by 
serial  ignition  and  extinction  of  a  row  of  burners. 
A  serious  problem  in  such  simple  tube  reactors  is 
removal  of  the  coke  which  clings  very  firmly  to  the 
tube.  The  reactor  will  be  used  to  examine  this  prob- 
lem and  the  problem  of  rate  of  hot  zone  transfer. 

An  apparatus  for  coking  natural  gas  is  also  under 
construction,  consisting  of  graphite  or  baked  carbon 
rod,  supported  centrally  in  a  cylinder  of  graphite  by 
insulating  end  pieces.  The  central  rod  is  heated  by 
passage  of  electric  current.  A  stream  of  natural  gas 
passes  through  the  annulus  between  cylinder  and  rod. 
The  rod  is  demountable  for  removal  of  the  coke 
formed  on  it.  No  experience  is  yet  available  with 
this  reactor.  The  coke  will  be  examined  for  applica- 
bility as  a  low-boron,  low-ash  raw  material  for 
graphite  production. 

PART  2:     THE  PURIFICATION  OF  COAL  PRODUCTS 

FOR  GRAPHITE  MANUFACTURE,  AND  ANALYTICAL 

PROBLEMS^ 

Work  has  been  done  on  the  cleaning  of  raw  mate- 
rials for  graphite  production  by  physical  and  chemi- 
cal methods. 

An  economically  attractive  possibility  is  the  clean- 
ing of  coal  tar  to  reduce  the  ash  and  boron  content 
and  then  to  use  the  cleaned  tar  to  produce  coke  as 
raw  material  for  graphite  production.  Apart  from 
this  a  low-boron  low-ash  tar  is  needed  to  produce 
a  clean  70°  C  pitch  as  binder  for  production  of 
graphite  blocks. 

The  first  approach  to  cleaning  coal  tar  was  to 
dilute  the  tar  with  readily  available  industrial  solvents 
benzene  and  acetone,  and  to  separate  the  ash  by 
filtration,  sedimentation  or  centrifugation  of  the  di- 
luted tar.  The  solvent  is  then  distilled  off  and  re- 
covered. 

Filtration  is  very  effective  in  de-ashing  tar,  as 
shown  by  the  typical  results  in  Table  VI.  For  these 

^Report  on  work  done  by  B.  Roga,  L.  Wnekowska  et  al., 
T.  Jankowska,  T.  Czakow,  D.  Shuffar,  and  J.  Landowski. 


experiments  dilution  was  in  the  ratio  of  10  litres 
solvent  to  1  kg  tar  or  pitch.  Refluxing  was  followed 
by  filtration  through  "Spezialpapierfabrik"  VEB 
hard  filter  No.  388.  Benzene  clearly  has  the  ad- 
vantage of  giving  a  higher  yield  and  a  cleaner  prod- 
uct. De-ashed  tars  can  be  subsequently  distilled  to 
low-ash  70°  C  pitch. 

Sedimentation  has  also  been  applied  to  remove 
a  large  part  of  the  ash  of  heavy  tar  fractions  obtained 
by  distillation  of  coal  in  a  Lurgi-type  still.  Typical 
experiments  were  performed  with  a  tar  fraction  of 
following  characteristics:  S.G.  (20°C)  1.128,  ben- 
zene insolubles  1.935%,  softening  point  (Kramer- 
Spilker)  35°C,  yield  of  70°C  pitch  72.96  vol  %  and 
ash  content  1.31%. 

When  this  tar  was  kept  for  several  days  at  90° C, 
and  a  50  gm  portion  was  removed  from  the  surface 
of  a  several  litre  sample,  the  ash  content  of  the  50  gm 
skimming  was  0.029%.  Thus  a  large  part  of  the  ash 
is  not  intimately  bound  with  the  tar  structure,  and 
sedimentation  is  in  principle  a  feasible  procedure. 

However,  after  standing  at  90°C  for  a  further 
two  days,  analysis  of  the  upper  %  of  the  sample 
showed  an  ash  content  of  1.17%.  Thus  sedimenta- 
tion proceeds  in  undiluted  tar,  but  at  an  imprac- 
ticably slow  rate.  When  further  samples  of  the 
same  tar  were  diluted  1:1,2:1  and  1 : 2  with  benzene 
under  reflux  and  allowed  to  stand  at  room  tem- 
perature for  48  hours,  the  upper  %  of  the  samples 
after  solvent  removal  had  ash  contents  of  0.021, 
0.023  and  0.028%  respectively.  Thus  sedimentation 
of  diluted  tars  is  an  entirely  feasible  procedure  for 
de-ashing.  By  sedimentation  of  benzene-diluted  Lurgi 
distillates  followed  by  solvent  removal  and  distilla- 
tion, low  ash  70°C  pitches  can  be  obtained. 

Tn  order  to  speed  up  the  settling  of  the  mechanical 
impurities  of  the  tar  a  further  sample  of  the  Lurgi 
heavy  distillate  of  1.31%  ash  was  diluted  1:2  and 
1 :3  with  benzene  under  reflux  and  then  centrifuged 
at  3000  rpm  for  30  minutes.  After  solvent  removal 
from  the  supernatants,  ash  contents  of  0.011%  and 
0.006%  respectively  were  obtained.  Centrifugation 
of  diluted  tars  in  these  and  other  experiments  has 
been  shown  to  be  an  adequate  means  of  de-ashing. 

De-ashing  of  tars  and  pitches  by  distillation  has 
also  been  examined.  The  fra9tions  distilled  off  in  a 
first  distillation  in  iron  or  copper  retorts  were  dis- 
tilled to  pitch  in  a  second  distillation.  Results  are 
shown  in  Table  VII. 

Although  adequate  de-ashing  procedures  can  be 
easily  evolved  on  the  basis  of  the  results  previously 
quoted,  the  position  with  regard  to  reduction  of 
boron  contents  of  tars  and  pitches  is  not  so  satisfac- 
tory. The  problem  is  complicated  by  difficulties  in 
estimating  the  boron  content  of  tar  and  pitch,  re- 
ferred to  later. 

The  dilution  of  tar  or  pitch  with  benzene  or  ace- 
tone followed  by  filtration  through  "Spezialpapier- 
fabrik" No.  388,  as  described  in  connection  with 
Table  III,  does  not  seem  to  reduce  the  boron  con- 
tent in  the  product.  This  result  indicates  that  boron 
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Table  VII.    De-Ashing  of  Tars  and  Pitches  by  Distillation 


Raw  material 

Ash 
content  of 
raw  mater. 

First  distillation  to  coke 

Second 
distillation 
to  pitch, 
%  pitch 
(on  raw 
material) 

Softening 
Point  of 
pitch  •€ 

%Ash 
in 
cleaned 
pitch 

%  Coke 

%  Distil. 

%  Losses 

Heavy  tar  from 
Ltirgi 
Distillation 
Distillation 
Distillation 
Distillation 
Coke  oven  tar 
Coke  oven  tar 

1.50 

1.50 
2.40 
2.40 
1.13 
1.10 

23.3 

18.3 
25.0 
21.3 
26.0 

55 

73.3 

80.0 
67.4 
72.7 
67.0 
42.5 

3.4 

1.7 
7.6 
6.0 
7.0 
2.5 

49.4 
31.6 
30.5 
36.5 
15 

52 

65 
64 
50 
91 

0.009 

0.003 
0.077 
0.03 
0.019 
0.091 

is  not  predominantly  located  in  the  more  easily 
separable  mechanical  impurities  in  the  tar.  However, 
by  further  reducing  the  pore  size  of  the  filtering 
medium  there  is  some  indication  that  a  product  of 
relatively  low  boron  content  may  be  obtained.  Thus 
when  a  70°  C  pitch  of  1.10%  ash  content  was  diluted 
5  times  with  benzene  under  reflux  and  filtered 
through  "Spezialpapierfabrik"  No.  388,  followed 
by  filtration  through  a  G  4  filter,  the  product  after 
solvent  removal  has  less  than  0.5  ppm  of  boron,  and 
0.005%  ash.  These  interesting  but  preliminary  in- 
dications are  being  followed  up. 

Distillation  of  the  first  2  fractions  in  Table  IV 
did  not  appear  to  reduce  the  boron  content.  It  is 
interesting  that  cokes  obtained  from  certain  dis- 
tilled petroleum  fractions  also  contain  appreciable 
amounts  of  boron  (3-4  ppm).  Thus  boron  can  be 
bound  to  the  organic  substances  in  such  a  fashion  as 
to  distill  together  with  them. 

In  some  cases  the  tar  fractions  cleaned  by  the 
above  procedures  had  a  boron  content  of  about 
0.5  ppm.  If  these  tars  are  converted  to  pitches  and 
these  pitches  used  as  binders  for  graphite  produc- 
tion, then  from  this  source  about  0.5  ppm  would 
be  contributed  to  the  graphite  boron  content.  If  a 
low-boron  coke,  such  as  naphthalene  coke  having 
less  than  0.2  ppm  boron  is  used  as  the  other  raw 
material,  the  graphite  produced  will  be  satisfactory 
for  many  nuclear  applications.  However,  if  such 
tars  were  to  be  used  to  produce  coke  as  raw  material 
for  graphite  production,  the  boron  content  of  the 
graphite  would  be  too  high.  Therefore,  further  ex- 
periments have  been  done  to  reduce  the  boron  con- 
tent of  tars  and  pitches. 

Alkali  and  acid  washing  of  tars  has  been  examined 
as  a  means  of  reducing  the  concentration  of  boron. 
The  main  difficulty  experienced  here  is  that  emul- 
sions are  readily  formed  during  the  washing  and 
that  these  emulsions  can  be  exceedingly  difficult  to 
break. 

Shaking  of  undiluted  coal-tar  with  aqueous  solu- 
tions of  sodium  hydroxide  or  sulphuric  acid  at  80° C 
produces  very  stable  emulsions,  which  on  standing 
for  48  hours  release  only  about  50%  of  the  acid 
or  alkali.  Centrifuging  at  3500  rpm  is  not  of  much 
help.  It  is  necessary  to  wash  the  emulsion  many 
times  with  hot  water  to  eliminate  acidity  or  alkalinity 
in  the  washings,  and  the  tar  then  contains  about 


20-40%  of  water  which  must  be  removed  by  dis- 
tillation. Such  procedures  are  impracticable  on  a 
large  scale. 

Tars  diluted  with  benzene  (1:2),  after  filtration 
to  remove  benzene  insolubles,  can,  however,  be  satis- 
factorily washed  with  sodium  hydroxide  or  sul- 
phuric acid.  The  diluted  tar  releases  most  of  the 
alkali  or  acid  after  standing  for  48  hrs.  Excess 
benzene  must  then  be  distilled  off  before  further 
washing  with  water,  however,  since  otherwise  a  stable 
emulsion  is  formed.  If  the  benzene  insolubles  are  not 
filtered  off  after  dilution  and  before  washing  with 
acid  or  alkali,  a  stable  emulsion  again  tends  to  be 
formed. 

Benzene-diluted  pitches  have  been  also  success- 
fully washed.  The  best  way  of  breaking  the  emul- 
sions after  acid  or  alkaline  washing  of  diluted  pitch 
is  to  filter.  As  an  example,  a  coke  oven  pitch  of 
70°  C  softening  point  was  diluted  5  times  with  ben- 
zene and  twice  filtered  through  filter  No.  388.  The 
filtrate  was  then  washed  with  10%  sodium  hydrox- 
ide or  15%  hydrochloric  acid,  or  with  alkali  and 
acid  successively,  followed  by  water  washing.  After 
benzene  removal  a  pitch  of  0.007-0.014%  ash  con- 
tent and  containing  less  than  0.5  ppm  boron  was 
obtained.  These  preliminary  studies  indicate  that 
acid  or  alkali  washing  of  pitch  diluted  with  benzene 
is  a  promising  approach  to  reduction  of  boron  con- 
tent. Detailed  studies  of  this  problem  are  now  in 
progress. 

Studies  are  currently  in  progress  on  the  distribu- 
tion of  boron  in  different  coal  fractions  and  on  the 
chemical  form  in  which  the  boron  appears  in  these 
fractions. 

The  production  of  nuclear  pure  graphite  raised 
numerous  problems  in  connection  with  analytical 
methods. 

The  difficulties  associated  with  total  ash  determina- 
tion in  low-ash  tars  and  pitches  have  received  atten- 
tion in  connection  with  the  program  described  above. 
The  majority  of  the  published  methods  for  ash 
determination  depend  on  the  careful  burning  of  the 
tar  in  a  crucible  over  a  burner  or  in  a  muffle  furnace. 
In  some  methods  the  whole  tar  is  thus  burned,  but 
in  other  cases  the  lighter  more  volatile  fractions  of 
the  tar  are  first  distilled  off  and  ash  is  then  deter- 
mined by  burning  the  remainder.  Such  methods  are 
of  poor  accuracy,  which  in  some  cases  is  quoted  as 
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Table  VIII.    Comparison  of  Ash  Analyses  of 

Low-ash  Tars  by  Flameless  Combustion  and 

Crucible  Methods 


Sample 
no. 

%  Ash  by 
crucible  method 

%  Ash  by 
flameless  method 

1. 

0.04 

0.076 

2. 

0.66 

1.09 

3. 

0.02 

0.24 

4. 

0.10 

0.26 

5. 

0.00 

0.15 

6. 

0.00 

0.23 

7. 

0.00 

0.014 

only  it  0.1%  ash.  For  determination  of  ash  con- 
tents in  the  low-ash  tars  described  above,  a  more 
accurate  method  has  been  employed. 

As  distinct  from  the  "extraneous"  ash,  the  "in- 
ternal" ash  arising  partly  from  the  original  plant 
material,  is  an  integral  part  of  the  tar  organic  matter, 
and  cannot  be  separated  by  some  of  the  simple 
physical  means  described  above  in  connection  with 
cleaning  tar.  Losses  of  such  ash  during  ash  deter- 
mination can  be  expected  to  occur  if  an  unduly  rapid 
rate  of  rise  of  temperature  of  the  sample  causes 
evaporation  of  a  significant  amount  of  lighter  min- 
eral-containing fractions  without  their  combustion, 
or  if  a  flame  is  allowed  to  appear  on  the  surface  of 
the  sample  leading  to  mechanical  loss  of  ash.  For 
these  reasons,  a  gentle,  flameless  combustion  method 
similar  to  that  used  in  certain  quantitative  hydrogen 
and  carbon  analyses  is  preferred.  Before  combustion 
the  sample  is  moistened  with  sulphuric  acid  of  known 
ash  content  to  convert  cations  to  sulphates.  Sulphates 
are  relatively  non-volatile  in  the  combustion  condi- 
tions employed,  and  many  sulphates  will  be  con- 
verted to  oxides  by  the  final  burn  out  at  800°  C. 
Some  sulphate  may  remain  in  the  final  weighed  ash, 
which  will  give  a  slightly  higher  result  than  an  ash 
composed  entirely  of  oxides.  Combustion  of  the  tar 
is  in  platinum  boats  in  a  quartz  tube  in  a  stream 
of  carefully  cleaned  oxygen.  Heating  is  by  two  mova- 
ble electric  heaters,  each  located  initially  with  its 
nearer  and  3  cm  distant  from  the  end  of  the  plati- 
num boat.  Temperature  is  raised  slowly  to  400°C, 
held  there  for  3  hours,  then  slowly  raised  to  600°  C 
while  the  heaters  are  steadily  moved  in  to  a  distance 
of  1  cm  from  the  platinum  boat.  For  tars  this  state  is 


then  maintained  for  2  hours,  and  for  pitches  about 
1-1.5  hours.  The  boat  then  contains  coke,  which  is 
burned  out  at  800°  C  to  constant  weight,  with  both 
heaters  positioned  together  over  the  boat. 

Table  VIII  shows  that  by  this  method  higher  re- 
sults are  obtained  than  with  careful  use  of  the  cruci- 
ble method,  suggesting  that  distillation  and  mechani- 
cal losses  have  been  significantly  reduced.  The  pres- 
ent method  gives  more  reproducible  results  than 
crucible  methods,  the  average  percentage  disagree- 
ment between  pairs  of  results  for  31  pairs  being 
10.2%  for  ash  content  in  the  range  0.003-2.40%. 

Spectrographic  analysis  of  boron  in  graphite  has 
been  done  on  the  ash  of  samples  burned  in  oxygen 
at  800°  C,  with  an  excess  of  boron- free  calcium  hy- 
droxide added  to  prevent  boron  volatilization.  The 
ash  is  analysed  in  a  Swiencicki  ac  arc  at  IS  amp  on 
copper  electrodes,  using  tin  as  an  internal  standard, 
and  the  line  at  2497.73  A.  The  tin  is  added  to 
a  slurry  of  the  calcium  hydroxide  before  the  latter 
is  mixed  with  the  powdered  graphite.  Use  of  high 
quality  electrolytic  copper  electrodes  has  eliminated 
trouble  due  to  presence  of  boron  in  commercial  carbon 
or  graphite  Spectrographic  electrodes. 

In  connection  with  the  Polish  program  of  chemis- 
try for  nuclear  purposes,  it  was  decided  to  start  pro- 
duction of  especially  pure  carbon  and  graphite  spec- 
trographic  electrodes,  particular  attention  being  paid 
to  low  boron  contents.  Samples  of  electrodes  from 
some  of  even  the  most  reliable  suppliers  on  the 
available  world  market  not  infrequently  contain 
amounts  of  boron  which  are  too  high  for  certain 
studies. 

The  difficulties  encountered  in  removing  boron 
from  already  prepared  electrodes  are  well-known. 
Accordingly  it  was  decided  to  proceed  from  chars 
of  boron-free  materials,  which  can  then  be  formed 
into  electrodes  in  conditions  which  avoid  boron  con- 
tamination. Polyvinyl  chloride  and  sublimed  naph- 
thalene have  been  pyrolysed  in  quartz  apparatus,  and 
used  together  with  bakelite  resin  binders  for  graph- 
ite electrode  production.  Low-boron  carbon  black 
or  sugar  charcoals  have  been  examined  for  carbon 
electrode  production.  Milling  is  done  in  agate  ball- 
mills,  extrusion  in  copper  dies  and  baking  in  quartz 
muffles.  Experimental  lots  of  these  electrodes  show 
satisfactorily  low  boron  contents. 


Table  IX.     Purity  of  Hydrogen  Peroxide   Distilled   in  Jena  Glass  Stills 


Impurity 
in  ppm 

Crude  peroxide 

Distilled  twice 
in  apparatus  1 

Distilled  once 
in  apparatus  X 

Distilled  twice 
in  apparatus  t 

Dry  matter  at  110°C 

max  2600 

— 

11.6 

6 

Free  acid  as  H2SO4 

max  2050 

— 

— 

Traces 

Cl- 

4.0 

2.4 

1.5 

1 

S04— 

max  3200 

Not  discovered 

3 

Not  discovered 

P04  

max  1600 

Not  discovered 

Not  discovered 

Not  discovered 

Ca+  + 

2-4 

0.5 

3.6 

0.5 

Mg+  + 

0.4 

0.08 

0.2 

0.08 

Pb+  + 

1.0 

— 

Not  discovered 

Not  discovered 

Fe+  +  + 

0.7 

— 

0.13 

Traces 

Cd++ 

<0.1 

<0.1 

<C.l 

<0.1 

B 

— 

— 

<1 

<0.5 

Li 

<6 

<6 

<6 

<6 
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Table  X.    Effect  on  Purity  of  Washing  Natural  Fluorspar  with  Hydrofluoric  Acid 


Impurities  before  washing 

Impurities  after  washing 

Fluorspar 

CaF,  % 

Si08%                    Fe%                        B* 

SiOa%                Fe  %                             B% 

High  grade 
Low  grade 

99.5 
93.7 

0.048                0.057                Traces 
1.3                   0.63 

0.02                0.003                Not  discovered 
spectro- 
graphically 
0.03                0.009                Some 

As  a  basis  for  a  chemical  method  of  estimating 
boron  in  carbon  products  in  the  graphite  program,  the 
colored  complex  with  carmine  has  been  used,  previ- 
ous isolation  of  boron  frequently  being  by  distilla- 
tion with  methyl  alcohol.  This  method  has  been  ap- 
plied to  ashes  from  graphite  burned  with  boron- free 
calcium  hydroxide. 

The  estimation  of  boron  in  tars  and  pitches  pre- 
sents a  special  problem.  A  method  has  been  used 
which  involves  addition  of  calcium  hydroxide,  com- 
bustion of  the  tar  or  pitch  by  the  method  previously 
described,  followed  by  spectrographic  estimation  of 
boron  in  the  ash.  A  significant  part  of  the  boron 
in  these  materials,  however,  may  be  bound  to  volatile 
fractions,  which  may  be  lost  by  evaporation  during 
even  a  relatively  gentle  combustion.  It  is  this  doubt 
which  has  limited  the  statements  in  this  report  on  the 
removal  of  boron  from  tars  and  pitches  to  the  status 
of  indications  rather  than  conclusions. 

PART  3:     PURE  CHEMICALS  FOR  URANIUM 
PRODUCTION§ 

Work  has  been  done  on  the  production  of  highly 
pure  calcium  metal  needed  for  obtaining  uranium  and 
other  metals  by  the  calciothermic  reduction  of  their 
halides.  Calcium  metal  is  obtained  by  the  reduction 
of  calcium  oxide  with  aluminium  powder.  The  metal 
is  further  purified  by  vacuum  distillation.  Selection 
of  various  available  forms  of  the  calcium  oxide  as 
raw  material  is  being  investigated  to  produce  the 
most  highly  pure  forms  of  the  metal.  In  addition, 
work  is  being  done  on  the  utilization  of  existing 
deposits  of  natural  calcites.  These  calcites  have  a 
very  high  purity  and  after  calcination  give  a  high 
yield  of  calcium  metal  in  the  reduction  with  alumi- 
nium. However  the  natural  calcites  contain  sufficient 
lithium  to  give  a  content  of  about  60  ppm  in  the 
nondistilled  calcium  metal.  Consequently  it  was  con- 
sidered worth  while  to  examine  the  fractionation  of 
calcium  metal  by  distillation  to  obtain  fractions  with 
a  low  lithium  content  for  high  purity  work,  and 
fractions  containing  higher  lithium  content  which 
could  be  used  for  other  less  exacting  purposes.  Con- 
densates  in  the  region  of  the  condenser  which  has 
a  temperature  range  of  475-500° C  were  specially 
examined,  since  this  range  is  indicated  as  optimal 
for  separation  by  the  calcium  and  lithium  phase  dia- 
grams. In  the  condenser  a  zone  of  large  crystals  can 
be  differentiated  from  a  zone  of  small  crystals. 
When  calcium  metal  with  an  initial  lithium  content 
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60  ppm  was  subjected  to  a  first  distillation,  the 
zone  of  larger  crystals  contained  15-30  ppm  lithium, 
while  the  smaller  crystals  contained  considerably 
more.  The  larger  crystal  fraction  when  submitted  to 
a  second  distillation  gives  a  second,  larger  crystal 
fraction  containing  3  ppm  lithium  or  less.  By  such 
fractional  distillation  it  is  expected  to  obtain  cal- 
cium containing  about  3  ppm  of  lithium  with  a  yield 
of  16-20%  based  on  the  undistilled  metal. 

Work  has  been  done  on  the  produciton  of  highly 
pure  hydrogen  peroxide  for  the  precipitation  of  ura- 
nium tetraoxide,  and  other  purposes.  Because  of  the 
requirement  to  produce  fairly  large  amounts  quickly, 
it  was  decided  to  distill  crude  hydrogen  peroxide 
obtained  in  existing  plant  by  the  electrolytic  Lowen- 
stcin-Riedel  process  using  ammonium  persulphate, 
rather  than  set  up  new  processes  theoretically  cap- 
able of  giving  directly  a  very  pure  product,  such  as 
the  anthraquinone  or  silent  discharge  methods.  It  is 
known  that  during  the  war  Merck,  Darmstadt,  pro- 
duced highly  pure  hydrogen  peroxide  by  triple  dis- 
tillation in  glass  stills. 

Analyses  of  distilled  hydrogen  peroxide  obtained 
in  the  present  program  are  shown  in  Table  IX.  Ap- 
paratus was  constructed  from  Jena  Gerateglas  20, 
using  pliable  polyvinyl  chloride  and  paraffin  wax 
for  seals,  and  paraffin-lined  receivers.  Apparatus 
number  1  was  a  simple  vacuum  still  without  rec- 
tifying column,  while  apparatus  number  2  had  a 
column  filled  with  glass  rings  from  Gerateglas  20 
tubing.  Yields  are  95%  of  the  peroxide.  Distillation 
can  be  used  to  cover  existing  production  needs. 

Aluminium-plastic  stills,  using  highly  pure  alumi- 
nium for  still  pot  and  column,  and  hardened  poly- 
vinyl  chloride  for  condenser  are  also  being  examined 
for  full-scale  distillation. 

Highly  pure  neutral  and  acid  ammonium  fluoride 
were  needed  for  production  of  uranium  fluorides. 
Ammonium  fluoride  production  has  been  based  on 
sodium  silicofluoride  as  raw  material  for  several 
reasons.  Firstly  this  material  will  be  available  in 
Poland  in  large  amounts  as  an  industrial  product. 
Secondly,  sodium  silicofluoride  can  relatively  easily 
be  obtained  in  higher  purity  than  the  natural  fluor- 
spars. The  relatively  high  solubility  of  cadmium  and 
to  certain  degree  lithium  silicofluorides  offer  the 
possibility  of  removing  the  sodium  salt  of  these  im- 
purities by  precipitation  from  silicofluoric  acid  with 
clean  sodium  chloride  or  soda.  Further  removal  of 
boron  can  be  expected  in  distillation  and  sublimation 
of  ammonium  fluoride.  Sodium  silicofluoride  is  am- 
moniated  to  give  ammonium  fluoride  and  precipitate 
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sodium  fluoride  and  silicic  acid.  In  the  supernatant 
there  remains,  about  0.5-0.8  gm  of  silica  per  litre. 
The  silica  can  be  largely  removed  with  potassium 
ion.  Potassium  silicofluoride  was  found  to  have  a 
solubility  in  the  system  NH4F  •  HF  considerably 
lower  than  the  solubility  reported  in  the  literature, 
in  solution  of  pure  HF.  From  the  ammonolysis  of 
sodium  silicofluride  a  solution  of  the  following  ap- 
proximate composition  is  obtained : 

300  gm  NH4F  +  15  gm  NH8  +  5  gm  NaF 

+  SOOgmHoO 

In  wooden  vessels  this  solution  is  acidified  with  a 
salt  obtained  in  the  manufacture  of  fluorides  in  the 
aluminium  industry  and  having  the  approximate 
composition :  72%  NH4HF2 ;  22%  NH4F ;  5%  H2O ; 
1.5%  NaF.  The  resultant  solution  contains  in 
gin/litre:  F  200;  NH4  150;  SiO2  750;  SiO2  0.8; 
NaF  4;  H2O  750.  To  this  solution  is  added  about 
10  gm  per  litre  of  potassium  hydroxide  or  potassium 
fluoride.  Potassium  silicofluoride  settles  out  to  give 
a  supernatent  having  only  0.02-0.03%  SiO2  cal- 
culated on  100%  F.  After  filtration,  the  solution  is 
rendered  alkaline  with  ammonia  in  wooden  vessels 
and  heated  in  impregnated  graphite  vessels  to  drive 
off  water  and  convert  neutral  ammonium  fluoride 
to  acid  form.  When  the  boiling  point  of  approxi- 
mately 220°  C  is  reached  the  molten  salt  is  poured 
into  a  graphite  vessel  and  distilled  using  a  graphite 
condenser  cooled  to  a  temperature  somewhat  higher 
than  the  melting  point  of  acid  ammonium  fluoride 
(126°C). 


By  these  means  a  product  is  obtained  after  care- 
ful distillation,  having  the  following  concentrations 
of  impurities :  boron  less  than  1  ppm ;  silicon  0.01- 
0.03%  ;  calcium  less  than  100  ppm ;  sodium  less  than 
80  ppm ;  lithium  less  than  6  ppm ;  iron  about  10  ppm. 

To  obtain  neutral  ammonium  fluoride  from  this 
product,  it  is  heated  in  graphite  vessels  on  which 
are  mounted  cylindrical  condensers  of  high  purity 
aluminium  with  surrounding  water  jackets.  Am- 
monia is  fed  to  the  condenser  at  a  sufficient  rate  to 
ensure  neutralization  of  the  acid  vapours  at  the 
moment  of  their  condensation.  Or,  the  acid  vapours 
can  be  condensed  into  mist  of  liquid  ammonia. 

Highly  pure  40%  hydrofluoric  acid  can  be  ob- 
tained by  dissolving  in  water  acid  ammonium  fluoride 
obtained  as  above  in  graphite  vessels,  and  adding  a 
stoichiometric  amount  of  boron-free  sulphuric  acid. 
Hydrofluoric  acid  is  distilled  off  in  a  graphite  still; 
sulphuric  acid  and  additional  water  being  periodically 
added  to  control  the  distillate  concentration. 

Natural  fluorspar  is  purified  by  the  following  proc- 
ess for  manufacture  of  sintered  vessels  for  obtain- 
ing metallic  uranium.  Selected  fluorspar  is  crushed 
in  steel  roller  mills,  ground  in  steel  mortars,  sieved 
to  select  optimal  grains  on  nylon  sieves,  and  washed 
in  hardened  polyvinyl  chloride  vessels  with  40% 
hydrofluoric  acid.  The  fluorspar  is  filtered  off  and 
washed  on  hardened  polyvinyl  chloride  filters,  dried, 
mixed  with  starch  as  plasticizer,  formed,  dried  and 
sintered  by  conventional  techniques. 

Table  X  shows  the  importance  of  selection  of  the 
grade  of  fluorite  in  giving  a  suitably  clean  product. 


Determination  of  Traces  of  Boron  in  Graphite, 
Uranium,  and  Beryllium  Oxide 

By  J.  Coursier,*  J.  Hur6|  and  R.  PI  a  tier,  ^  France 


The  problem  of"  estimating  the  boron  present  in 
nuclear  reactor  structural  materials  can  be  stated  as 
follows:  determination,  within  approximately  0.1 
ppm,  of  amounts  of  boron  running  to  some  tenths  of 
a  ppm. 

Among  the  methods  of  estimation  having  the  re- 
quired sensitivity,  we  chose,  because  of  the  absence 
of  interference  from  hydrofluoric  ions  and  ease  of 
manipulation  it  provides,  the  curcumin  colorimetry 
technique  proposed  by  Philipson.1 

In  order  to  reach  the  concentrations  indicated,  it 
is  necessary,  for  the  cases  under  review,  to  carry 
out  prior  separation  of  the  boron  and  base  materials. 

An  attempt  was  made  for  replacing  the  conven- 
tional separation  technique  of  distillation  of  methyl- 
boric  ester,  which  is  lengthy  and  diffcult  on  the  one 
hand,  and  unreliable  for  the  separation  of  small 
traces  of  boron  on  the  other  hand. 

We  propose,  in  the  case  of  the  estimation  of  boron 
in  uranium  and  beryllium  oxide  to  effect  separation 
by  extraction  as  fluoborate  and  tetraphenyl  arsonium 
compound2  and,  in  the  case  of  graphite,  to  achieve  it 
by  means  of  a  cation-exchange  resin.  Separation  by 
an  ion-exchange  resin  has  already  been  mentioned3' 4 
in  connection  with  other  applications  as  being  suit- 
able for  quantities  of  boron  reaching  several  mg. 

ESTIMATION  OF  BORON  IN  BERYLLIUM  OXIDE 
AND  URANIUM 

It  is  a  well  known  fact  that  most  of  the  anions 
corresponding  to  the  general  formula  AB4-,  give 
with  such  cations  as  tetraphenyl-phosphonium,  -ar- 
sonium and  -stibonium,  compounds  which  are  spar- 
ingly soluble  in  water,  but  quite  soluble  in  chloro- 
form. We  thought  that  it  would  be  possible,  by  ex- 
tracting tetraphenyl  arsonium  fluoborate,  to  achieve 
separation  of  the  traces  of  boron  contained  in  the 
beryllium  oxide  and  metallic  uranium. 

We  first  looked  for  the  optimal  conditions  of  for- 
mation of  BF4~  ion  in  an  aqueous  solution  (influ- 
ences of  the  pH  of  the  total  fluoride  concentration 
and  of  the  kinetics)  and  of  extraction  of  tetraphenyl 
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arsonium  fluoborate  (time  needed  to  reach  equilibri- 
um, influence  of  the  concentration  of  the  tetraphenyl 
arsonium  chloride,  and  number  of  consecutive  extrac- 
tions). This  study  was  covered  in  a  paper  to  be 
published  in  Analytica  Chimica  Ada. 

Dosage  of  Boron  in  Beryllium  Oxide 

We  carried  out  a  certain  number  of  tests  in  order 
to  develop  a  good  method  for  the  determination  of 
0.1  ppm  of  boron  in  a  sample  of  beryllium  oxide, 
the  main  points  of  which  we  now  sum  up : 

Regardless  of  the  quantity  of  boron,  the  maximal 
difference  observed  during  spectrophotometric  deter- 
minations following  extraction,  is  0.01  unit  of  optical 
density,  which  corresponds  to  0.02  /ig  of  boron.  In 
order  for  0.02  p.g  to  correspond  to  0.1  ppm,  analysis 
must  be  carried  out  on  a  200  mg  BeO  sample. 

The  calcined  and  sintered  beryllium  oxide  are 
attacked  by  a  solution  of  7.5M  ammonium  bifluo- 
ride.  One  can  dissolve  a  maximum  of  55  to  60  mg 
of  beryllium  oxide  per  ml  of  the  buffer  mix.  Thus, 
for  200  mg,  one  must  use  4  ml  of  solution. 

The  over-all  efficiency  of  the  process  of  forma- 
tion of  the  BF4~"  ion  in  an  aqueous  solution,  as  well 
as  of  the  extraction  of  tetraphenyl  arsonium  fluo- 
borate, increases  with  the  total  concentration  of  fluo- 
ride in  aqueous  solution,  up  to  a  2.5M  total.  Beyond 
that  value,  the  quantity  of  boron  recovered  from  the 
chloroform  decreases.  Thus,  it  is  necessary  to  dilute 
the  4  ml  of  7.SN  ammonium  bifluoride  to  15  ml,  in 
order  to  achieve  a  2M  content  in  the  final  solution. 

In  addition,  for  higher  fluoride  concentrations, 
the  over-all  efficiency  is  not  the  same  according  to 
whether  beryllium  oxide  is  present  or  not,  which 
rules  out  the  possibility  of  any  calibration  on  blanks. 
Following  extraction,  the  organic  phase  is  dried. 
The  residue  is  again  dissolved  in  trichloroacetic  acid 
and  an  alcoholic  solution  of  curcumin,  then  dried  in 
a  drying  oven.  Following  drying,  fine  crystalline 
needles  of  sodium  trichloroacetate  are  obtained,  but 
when  the  quantity  of  tetraphenyl  arsonium  chloride 
is  too  large,  a  lacquer  forms  instead  of  crystals, 
which  is  difficult  to  dry  and  often  carbonizes.  In 
order  fo  reduce  the  final  amount  of  reagent,  we 
carried  out  extractions  with  the  help  of  5,  10  and 
15  ml  of  solvent  containing  variable  quantities  of 
tetraphenyl  arsonium  chloride.  The  extract  was 
washed,  thereafter,  with  various  volumes  of  dis- 
tilled water.  Only  the  extractions  carried  out  with 
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15  ml  gave  satisfactory  results  (80-85%  yield)  for 
a  starting  reagent  concentration  =  10~2Af,  the  extract 
being  washed  twice  with  15  ml  of  distilled  water. 

In  order  to  make  sure  that  the  impurities  which 
may  be  contained  in  the  beryllium  oxide  samples  are 
not  extracted  or  do  not  interfere  with  subsequent 
determinations,  we  carried  out  our  tests  with  and 
without  beryllium  oxide,  adding  to  the  starting  solu- 
tion the  following  elements  in  the  concentrations 
indicated  (ppm)  : 


Li  100 
Na  100 
K  100 
Ca  100 
Mg  1000 


Mn(II)  20 
Ni(II)  20 
Cd(II)  20 
Cu(II)  100 


Si  1000 

Al  1000 

Fe(III)  500 

) 100 


No  difference  up  to  the  accuracy  in  the  measure- 
ments was  noted  between  the  tests  carried  out  with 
and  without  the  ions  mentioned  above. 

We  offer  the  following  technique: 

Obtaining  a  Solution  of  the  Beryllium  Oxide 

Weigh  200  mg  of  beryllium  oxide  in  a  60-ml  poly- 
ethylene flask.  Add  5.7  gm  of  7.5M  ammonium  bi- 
fluoride.  Bring  up  to  70°  C  in  double  boiler,  until 
completely  disolved.  Add  10  ml  of  distilled  water, 
then  1  ml  of  distilled  water,  or  of  a  solution  con- 
taining a  known  quantity  of  borax.  Allow  the  solu- 
tion to  stand  for  at  least  18  hours. 

Extraction  of  Tetraphenyl  Arsonium  Fluoborate 

To  the  solution  mentioned  above  add  15  ml  of 
the  chloroform  solution  of  tetraphenyl  arsoniimi  chlo- 
ride, and  stir  mechanically  for  30  minutes.  Centri- 
fuge, and  remove  the  whole  of  the  aqueous  solution 
with  a  polyethylene  pipette. 

Washing    the   Chloroform    Solution 

Add  15  ml  of  distilled  water,  then  separate.  Again, 
add  15  ml  of  distilled  water,  stir  vigorously  for  10 
to  20  seconds  (do  not  exceed  20  seconds).  Centri- 
fuge and  remove  the  aqueous  solution.  The  last  wash- 
ing is  repeated  a  second  time.  Transfer  the  chloro- 
form solution  to  a  platinum  dish. 

Boron    Determination 

Add  15  drops  of  0.17V  caustic  soda  and  one  drop 
of  phthalcin  to  the  organic  phase.  Dry,  by  placing  the 
capsule  in  a  heating  ramp  made  up  of  a  silica  tube 
40  cm  in  length,  inside  which  there  is  a  heating 
resistor  (power  consumed  approximately  900  w). 

The  solid  residue  is  treated  with  1  ml  of  IN  tri- 
chloroacetic  acid  over  a  period  of  ten  minutes.  One 
ml  of  95%  alcohol  is  added.  Then  mix  and  dissolve, 
and  add  1  ml  of  curcumin  solution.  Place  in  the 
drying  oven,  at  105±:1°C,  for  60  ±3  minutes. 
Dissolve  the  residue  in  alcohol,  bring  up  to  25  ml, 
and  do  a  colorimetry  test  in  a  1-cm  thick  cell  ( 5400  A) . 

Reagents 

Ammonium  bifluoride  7.5 M  (427.5  gm/1).  It  is 
recommended  to  use  ammonium  bifluoride  from  a 
flask  perfectly  sealed  with  paraffin,  in  order  not  to 
obtain  unduly  high  blank  runs. 


Borax  containing  200  mg  boron  per  liter  (1.76 
gm/1).  The  solution  is  prepared  by  accurate  weigh- 
ing, and  diluted  200  times. 

N  trichloracetic  acid  (163  gm/1). 

0.17V  caustic  soda  (4  gm/1).  It  is  recommended 
to  take  soda  pellets  from  a  new  flask. 

Tetraphenyl  arsonium  chloride  0.01  N  (4.18  gm/1) 
in  AR  chloroform. 

0.125%  curcumin,  in  alcohol. 

Characteristics 

Regardless  of  the  starting  quantity  of  boron,  the 
values  of  the  optical  densities  read  deviate  by  0.01 
unit  of  optical  density  about  the  mean  value  which 
corresponds  to  0.1  ppm  of  per  200  mg  B/BeO. 

In  20%  of  the  tests,  the  mixture  which  is  dried  in 
the  oven  does  not  rcdissolve  in  alcohol  or  gives 
erroneous  results. 

The  over-all  efficiency  of  the  operation  is  85%, 
meaning  that  only  85%  of  the  boron  initially  brought 
in  is  recovered.  This  result  holds  regardless  of  the 
amount  of  boron,  also  in  the  presence  or  absence 
of  beryllium  oxide. 

In  order  to  carry  out  a  determination,  it  is  prefer- 
able to  add  known  quantities  of  borax  to  certain 
samples,  and  to  draw  a  straight  line  which  represents 
the  variation  of  the  optical  density  as  a  function  of 
the  amount  of  boron  added.  This  straight  line  must 
be  parallel  to  that  obtained,  under  the  same  condi- 
tions, in  the  absence  of  beryllium  oxide. 

A  chemist  can  complete  a  maximum  of  12  tests 
a  day.  We  recommend,  for  a  determination  to  make 
two  tests  with  beryllium  oxide  alone,  two  tests  add- 
ing 25  pg  of  boron,  and  two  tests  with  0.5  /ig. 

Under  these  conditions,  as  little  as  0.05  ppm  of 
boron  can  be  revealed. 

Dosage  of  Boron  in  Uranium 

The  attack  of  uranium  by  ammonium  bifluoride 
or  hydrofluoric  acid,  even  in  the  presence  of  oxidiz- 
ing agents  leads  to  UF4.  On  the  other  hand,  the 
uranium  can  be  oxidized  up  to  the  III  and  IV  states 
by  hydrochloric  acid,  then  into  U(VI)  by  peroxide. 
The  following  procedure  is  suggested  for  obtain- 
ing the  uranium  in  solution  and  for  the  preparation 
of  the  solution  to  be  extracted: 

Weigh  200  mg  of  uranium  in  a  60  ml  flask  made 
of  polyethylene.  Add  1  ml  of  4N  hydrochloric  acid. 
Do  not  seal  the  flask  tight.  Once  the  attack  is  finished 
(about  30  minutes),  add  1  ml  of  15  volume  peroxide. 
Then,  add  10  ml  of  distilled  water,  followed  by  1  ml  of 
distilled  water  or  of  a  solution  containing  a  known 
quantity  of  boron.  Finally,  add  2.8  gm  of  a  7.5M 
ammonium  bifluoride  solution.  Allow  the  solution  to 
stand  for  at  least  18  hours. 

For  the  extraction  and  estimation  of  boron,  the 
operating  technique  is  the  same  as  for  BeO. 

The  blank  runs  (without  uranium)  are  carried 
out  in  the  presence  of  hydrochloric  acid  and  peroxide. 

The  characteristics  are  the  same  as  in  the  case  of 
beryllium  oxide. 


BORON  IN  GRAPHITE 
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ESTIMATION  OF  BORON  IN  GRAPHITE 

The  graphite  samples  are  roasted  in  the  presence 
of  calcim  oxide,  which  is  used  to  fix  the  boron  as 
calcium  borate.  Since  the  ash  content  of  these  graph- 
ites is  very  low,  the  problem  of  boron  separation  is 
reduced  to  the  separation  of  boron  from  the  calcium. 

Contact  of  the  solution  obtained  by  redissolving 
the  product  of  the  roasting  with  a  cation  exchange 
resin  can  carry  out  this  separation  by  giving,  essen- 
tially, the  calcium  salt  of  the  resin  on  the  one  hand, 
and  a  solution  which  contains  boric  acid  on  the  other, 
as  well  as  the  acid  which  further  serves  to  solubilize 
the  residue  of  the  roasting. 

In  order  to  effect  this  contact,  two  methods  were 
studied:  passing  the  solution  through  a  fixed  resin 
column  or  mixing  the  resin  and  solution  in  a  suitable 
container. 

Roasting  of  Graphite 

Sample  roasting  (1.00  gm)  is  carried  out  in  the 
presence  of  60  mg  of  calcium  oxide  which  is  supplied 
in  the  form  of  a  5-ml  solution  of  saccharose-lime. 
The  roasting  time  is  one  to  two  hours  in  an  electrical 
oven,  at  825±25°C.  A  small  oxygen  flow  makes 
it  possible  to  burn  the  graphite  completely. 

lon-Exrhange   Resins 

Use  is  made  of  a  nucleo-sulfonic  synthetic  resin, 
Amberlite  IR  120,  analytically  pure,  in  its  acid  form, 
completely  purified  from  fine  residues.  It  has  a  total 
exchange  capacity  of  approximately  5  milliequivalent 
gram  of  cation  per  gram  of  dry  resin. 

Practical  capacity  depends  among  other  factors, 
on  the  granulometry,  the  time  of  contact  between 
the  resin  and  the  solution,  and  the  nature  of  the 
contact  between  the  resin  and  solution.  Tn  order  to 
allow  for  these  factors,  we  used  a  safety  margin  by 
dividing  the  value  of  the  theoretical  capacity  by  a 
factor  comprised  between  3  and  5. 

Utilization  of  the  resin  consists  of  three  main 
operations:  (1)  exchange  of  the  cations  in  the 
solution  against  H+  ions;  (2)  washing  of  the  resin 
in  order  to  recover  the  whole  of  the  acids  released ; 
and  (3)  regeneration  of  the  resin. 

Use  of  the  Resin  in  a  Column 

The  columns  used  are  made  of  silica  (or  boron- 
free  glass,  or  of  plastic).  Their  height  is  approxi- 
mately 20  cm,  for  a  diameter  of  1  cm,  and  they 
contain  10  gm  of  resin.  The  rate  of  flow  is  1.5  to  2  ml 
per  minute. 

They  allow  the  successive  passage  of  at  least  four 
samples  to  be  analyzed,  without  requiring  any  regen- 
eration of  the  resin. 

Passing  of  the  Solution  through  the  Resin 

The  residue  from  burning  is  redissolved  in  2  ml 
of  a  solution  of  1.1  AT  hydrochloric  acid,  which  cor- 
responds to  a  slight  excess  (about  3%). 

The  calcium  chloride  solution  is  transferred  to  the 
resin  column.  Following  passage,  the  resin  is  rinsed 


with  SO  to  60  ml  of  distilled  water,  using  the  same 
rate  of  flow  (1.5  to  2  ml  per  minute).  The  solution 
is  recovered  in  a  platinum  evaporating  dish. 

Neutralization   of  the  Solution 

For  15  minutes,  nitrogen  is  bubbled  through  in 
order  to  eliminate  dissolved  carbon  dioxide  which 
makes  it  difficult  to  neutralize  the  solution  exactly. 
This  is  done  in  the  presence  of  phenolphthalein,  by 
2  ml  of  1.07V  soda  and  a  few  drops  of  0.1  N  soda. 
Very  exactly  15  drops  of  0.1  N  soda  are  then  added. 

Evaporation 

This  is  carried  out  using  a  silica  radiator  (900  to 
1000  w).  At  the  end  of  the  evaporation,  the  solution 
becomes  saturated  vith  sodium  chloride,  which  de- 
posits. 

It  is  essential  to  spread  out  the  salt  on  the  edges 
of  the  dish,  in  order  to  make  colorimetry  possible: 
the  operation  is  carried  out  by  rotating  the  dish 
outside  the  radiator  at  the  moment  the  solution  be- 
gins to  be  saturated.  As  it  dries  up,  the  solution 
leaves  an  even  deposit  on  the  surface  of  the  dish, 
which  is  not  very  thick. 

The  dry  residue  is  then  ready  for  curcumin  color- 
imetry according  to  the  technique  described  before. 

The  presence  of  sodium  chloride  (2  gm)  is  no 
problem,  but  the  alcoholic  solution  requires  filtering 
before  colorimetry. 

Regeneration 

This  is  carried  out  once  the  resin  is  saturated  with 
calcium.  Approximately  100  ml  of  3N  hydrochloric 
acid  are  passed  through  and  rinsed  with  distilled 
water  (approximaely  100  ml)  until  chlorine  ions 
are  eliminated  (silver  nitrate  check).  The  rate  of 
flow  is  2  ml  per  minute. 

Duration  of  Operations 

The  total  duration  of  separation  is  approximately 
two  and  a  half  hours.  An  operator  can  watch  six 
columns  simultaneously  without  any  difficulty. 

Reagents 

Hydrochloric  acid:  1.1N  solution,  as  estimated, 
and  3N  solution  (aprox.). 

Soda:  I.IN  solution,  and  O.IN  solution. 

Distilled  water. 

Phenolphthalein. 

IR  120  Amberlite,  analytical  quality,  acid  form,  no 
powdered  residue. 

Nitrogen. 

Experimental  Results 

(Observation:  the  second  decimal  point  is  not 
significant.) 

(a)  Column  blanks.  A  calcium  chloride  solution 
is  passed  through  four  resin  columns.  We  find,  in 
micrograms  of  boron : 

Column  1  :  0.10  0.14  0.14  0.12  0.06 

Column  2  :  0.08  0.13  0.08  0.14  0.08 

Column  3  :  0.13  0.10  0.06  0.10  0.07 

Column  4  :  0.13  0.10  0.14  0.13  0.07 
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(b)  Solutions  containing  known  quantities  of  bo- 
ron. We  passed  a  solution  of  calcium  chloride  which 
contained   known  quantities   of   boron    (in   micro- 
grams)  : 

Boron  added:  0.26  0.3  0.5  0.5  0.5     0.5  0.5  0.6 

Boron  recovered :  0.33  0.37  0.55  0.63  0.54  0.52  0.50  1.04 

Boron  added:  0.6  0.7  0.7  0.7  0.7     0.7  1.0  1.0 

Boron  recovered:  0.62  0.58  0.50  0.54  0.70  0.50  1.14  1.09 

Boron  added:  1.0  1.0  1.0  1.0  1.00   1.0  1.0  1.0 

Boron  recovered:  1.38  0.97  0.98  1.13  0.91    1.0  1.12  0.97 

(c)  Estimation  of  a  graphite.  (Amounts  of  boron 
found  in  micrograms)  : 

0.72      0.39      0.48      0.76      0.62      0.76      0.47      0.48 
0.70      0.52      0.45      0.45      0.44     0.47      0.47      0.56 

namely  a  mean  value  of  0.54  ±:0.08  /*g. 

Use  of  the  Resin   in  Dishes 

The  roasted  residue  is  dissolved  in  a  few  ml  of 
distilled  water.  Approximately  2  gm  of  resin,  in 
the  acid  form,  are  placed  in  the  dish:  it  has  been 
shown  experimentally  that  the  solubility  of  the  hy- 
droxide and  calcium  carbonate  in  water  are  adequate 
for  all  the  calcium  to  be  fixed  in  less  than  a  half- 
hour.  The  solution,  to  all  practical  purposes,  con- 
tains nothing  other  than  the  boric  and  carbonic 
acids  (the  latter  is  eliminated  by  nitrogen  bubbling). 

This  method  offers  the  following  advantages  over 
the  one  described  before  it : 

1.  It  needs,    for  separation,  no  equipment  other 
than  that  usually  found  in  the  laboratory.  The  num- 
ber of   analyses  carried   out  depends   only  on  the 
number  of  operators. 

2.  It   is   less   lengthy,    since   the   preparation   of 
columns,  transfers  and  rinses  is  ruled  out. 

3.  It  is  less  difficult  to  carry  out,  for  the  absence 
of  sodium  chloride  eliminates  control  of  the  evapora- 
tion and  filtration  of  the  alcoholic  solution  before 
colorimetry. 

4.  Finally,  regeneration  may  be  made  on  sizable 
quantities  of  resin  at  a  time. 

Resin  Containers 

The  residue  of  roasting  is  carefully  dispersed  in 
a  few  ml  of  distilled  water,  with  the  help  of  a  stirrer. 
Then,  approximately  2  gm  of  resin  are  added,  and 
shaken  from  time  to  time  until  complete  disappear- 
ance of  the  very  last  traces  of  lime. 

Rinse 

The  resin-solution  separation  is  carried  out,  either 
by  filtration  (filter  paper  boron  free,  or  sintered 
silica),  or  more  simply  by  decantation  (then  the 
resin  must  be  very  painstakingly  stripped  of  any 
fine  powdered  residues).  The  resin  is  rinsed  with 
approximately  SO  ml  of  distilled  water  added  in 
small  fractions. 

Neutralization  and  Evaporation 

Carbonic  acid  is  eliminated  by  bubbling  with 
nitrogen  (bubble  by  bubble — IS  minutes)  and  the 
solution  is  neutralized  in  the  presence  of  phthalein 


by  1  to  3  drops  of  0.1  AT  soda  (a  larger  number  of 
drops  indicates  incomplete  elimination  of  the  car- 
bonic gas).  An  excess  of  15  drops  of  O.W  soda  is 
added,  and  thie  solution  is  evaporated  under  a  radi- 
ator. The  dry  residue  then  is  ready  for  curcumin 
colorimetry,  according  to  the  technique  previously 
described. 

Regeneration 

This  is  carried  out  with  3N  hydrochloric  acid, 
after  which  rinsing  is  carried  on  until  the  complete 
elimination  of  the  chlorine  ions  (verification  with 
silver  nitrate). 

Duration 

The  total  duration  of  separation  was  approximate- 
ly 2  hours.  An  operator  can  make  from  6  to  10  esti- 
mations simultaneously. 

Reagents 

Hydrochloric   acid:   3N   solution,   approximately. 
Soda:  0.1  Af  solution. 
Distilled  water. 
Phenolphthalein. 

1R  120  Amberlite,  analytical  quality,  acid  form, 
no  fine  powdered  residues. 
Nitrogen. 

Experimental  Results 

(Observation:  the  second  decimal  point  is  not 
significant.) 

(a)  Resin  blanks.  The  2  gm  of  resin  are  left  in 
contact  with  distilled  water  in  which  the  boron  is 
being  determined.  We  found  (in  micrograms)  :  0.09, 
0.08,  0.05,  0.03,  0.07,  0.1,  0.8,  1.1. 

(b)  Solution  containing  known  quantities  of  bo- 
ron. 60  mg  of  calcium  oxide  were  roasted  in  an 
oven  at  825 °C  (added  in  the  form  of  a  saccharose- 
lime  solution)  with  known  quantities  of  boron.  We 
found,  in  micrograms,  after  deduction  of  the  calcium 
oxide  blanks  (0.10  fig)  and  resin  blanks : 

Boron  added:  0.5  0.5  0.5  1.0  1.0  1.0 

Boron  recovered:  0.47  0.45  0.50  0.97  0.81  0.91 

Boron  added  1.0  1.0  1.0  1.0  1.0  1.0      1.0 

Boron  recovered:  0.93  0.98  1.0  1.04  0.96  1.03    1.06 

(r )  Determination  in  three  graphites.  Quantity  of 
boron  found  (in  micrograms)  : 

Graphite  No.  1 :  0.35    0.32    0.35    0.5      0.5 

Graphite  No.  2:  1.1      0.70    0.78    0.82    0.96    0.82    0.94 

Graphite  No.  3 :  1.1      1.5      1.2      0.73    1.05    1.12    1.15 
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The  Correction  for  Instrumental  Broadening  of 
"Two-Dimensional"  fifc-X-Ray-Reflection  in  Carbon 
Black  Crystallite-Size  Measurements 


By  A.  Bezjak  and  S.  Mariti*,*  Yugoslavia 


The  manufacturing  of  the  graphite  for  nuclear 
reactors  by  thermal  decomposition  of  various  gaseous 
hydrocarbons  is  described  in  a  paper  published  a  few 
years  ago.1  The  graphitization  process  was  studied 
by  the  X-ray  powder  technique.  Recently,  Schaeffer, 
Smith  and  Polley2  have  published  results  on  carbon- 
black  graphitization  using  the  same  experimental 
technique.  Tt  was  of  some  interest  to  gather  similar 
information  on  this  subject  using  our  domestic  car- 
bon blacks. 

Among  a  few  other  characteristic  changes  of  the 
X-ray  diagrams  in  the  course  of  the  carbon-black 
graphitization,  there  is  quite  a  definite  variation  in 
the  diffusiveness  of  the  lines.  As  well  known,  it  is  a 
consequence  of  the  variations  in  the  crystallite  sizes. 
Tn  recent  years  Franklin3  has  published  a  series  of 
interesting  reports  in  which  important  conclusions 
were  drawn  from  the  crystallite  size  measurements 
of  various  carbons  before  and  after  graphitization. 

Though  valuable  results  can  be  obtained  by  mere 
inspection  of  relative  changes  in  the  crystallite  sizes, 
it  is  nevertheless  desirable  to  know  as  accurate 
absolute  values  as  possible.  In  such  a  case  a  correc- 
tion for  instrumental  broadening  of  the  diffraction 
profiles  (caused  by  the  finite  dimensions  of  the 
specimen  and  the  X-ray  beam)  is  unavoidable. 

Tn  carbon-black  graphitization  studies  crystallite 
dimension  parallel  to  the  basal-plane  (001  )  might  be 
of  particular  interest.  This  crystallite-dimension, 
often  called  La,  can  be  determined  from  the  width 
measurements  of  the  'Two-dimensional"  ///c-diffrac- 
tion  lines.4 

In  the  publications  cited  above,  and  in  many  others 
as  well,  we  have  not  been  able  to  find  any  correc- 
tion-method applied  to  the  /tfe-line  width  measure- 
ments. This  might  be  explained  by  the  fact  that  in 
many  cases  only  relative  values  are  sufficient;  and, 
secondly,  by  the  fact,  that  the  profile  of  such  a 
"two-dimensional"  line  is  unsymmetrical  as  distinct 
from  the  usual  "three-dimensional"  lines.  In  a  recent 
report  Houska  and  Warren  have  applied  the  most 
general  Stokes6  method  to  correct  Ilk-line  width  for 
experimental  broadening.  This  method  can,  of  course, 
be  applied  whatever  the  line  shape  may  be,  but  is 


rather  time  consuming  and  unpractical  in  routine 
work. 

Jones7  elaborated  a  practical  method  for  correcting 
instrumental  line-broadening.  He  made  some  assump- 
tions concerning  the  functions  representing  the  line 
shapes.  Shull8  excluded  any  such  assumption  by 
using  a  Fourrier  transformation  technique  and  giv- 
ing simultaneously  three  most  common  cases  for  the 
line  shape  equations.  Berry0  applied  the  same  method. 

In  all  these  cases  only  normal,  three-dimensional, 
i.e.  symmetrical  line  shapes  are  treated.  The  aim  of 
the  present  report  is  to  apply  Jones'  idea  of  the  in- 
strumental broadening  correction  to  the  "two-dimen- 
sional" /ffc-reflections  as  occur  in  carbon  black  X- 
ray  powder-diagrams. 

EVALUATION  OF  THE  CORRECTION-CURVE 

According  to  Jones7  the  intensity  distribution  curve 
may  be  represented  by 


=    I 


J     —Q 
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where  P(£)  =  the  real  distribution  obtained  experi- 
mentally, </(.r)  =the  function  of  the  line-width  due 
to  the  instrumental  conditions,  7if.v)=the  "true" 
function  of  the  line  width  due  only  to  the  crystallite 
size.  If  all  these  functions  are  equalized  in  the 
maximum  value  (=1),  then 


=  experimentally  obtained     (2a) 
line  width 


x)dx    =  line  width  due  to  the  in-     (2b) 
strumental  conditions 


h(x)dx    =  the  "true"  line  width  due    (2c) 
-oo  only  to  the  crystallite  size. 

Usually,  the  problem  is  to  find  h(x)  knowing  P(£) 
and  (7(.ar).6'8'0  In  our  case  we  know  h(x)  owing  to 
Warren's  work:4*5 

F2(l  +  cos2  20) 


*  Institute  "Rudjer  Boskovid",  Zagreb. 
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where 


and 


F(a)  =  I      e~<+-**dx 

J     —  00 


(4) 


where  La  =  crystallite  size  parallel  to  the  basal  plane, 
A  =  wavelength,  0  =  angle  of  the  hk  reflection,  and 
0o  =  Bragg's  angle  of  the  hkO  reflection. 

We  may  put  for  instrumental-broadening  function 
a  Gaussian  distribution,  (as  verified  experimentally)  : 

n (  r  }  =  /»— 78j?B  (ft} 

y\* )      *  v°/ 

where  x  is  in  radians  of  the  angle  6. 

For  small  crystallites  the  intensity- range  of  a  hk- 
line  is  very  large  (^5°),  but  the  influence  of  the 
instrumental  broadening  is  relatively  small.  Thus, 
usual  intensity  corrections  may  be  done  before  the 
correction  for  instrumental  broadening.  In  the  case 
of  the  larger  crystallites  the  range  of  the  intensity- 
distribution  is  smaller,  and  relative  changes  of  the 
intensity-correction  factor  are  small,  in  other  words, 
it  is  permissible  to  suppose  that  there  is  practically 
no  difference  if  intensity-correction  is  done  be  I  ore  or 
after  correction  for  instrumental  broadening.  We 
corrected  the  intensities  always  before  the  instru- 
mental-broadening correction.  Then, 


'«(*)=• 


(7) 


<£(«)  cannot  be  expressed  in  terms  of  an  ele- 
mentary function  and  we  replace  it  by  an  approxima- 
tion: 


(8) 


In  Table  I  numerical  values  can  be  found  for  the 
last  approximation  up  to  a  =  5.8,  while  in  Fig.  1, 
the  two  functions  are  represented  graphically. 

Expressing  «  in  radians  and  with  the  origin  of  the 
coordinate  system  at  the  maxima  of  <£(«)  (a  =  0.55), 
the  following  equation  may  be  derived  for  small 
deviations  from  the  origin: 


V      "•*-* 


i  0o*  +  0.05  =  kx  +  0.5 


Table  1 


A,                       ffi                       P<                    1.4-1 

1 
2 
3 
4 
5 
6 
7 

0.07 
1.20 
-0.20 
1.1 
-0.56 
0.60 
-0.23 

2.0 
0.5 
0.1 
0.64 
1.225 
1.21 
2.60 

-2.4 

0.55 
0.55 
3.20 
3.20 
5.60 
5.60 

-5.4 
0 
0 
4.8 
4.8 
9.15 
9.15 

1.0 

0.75 

^0.50 

<M* 

0.25 
0.0 


-2.  1 


5  6 


Figure  1 


k  = 


It  follows 


Inserting 


We  obtain 


0.5S 
_ 


/>< 
;_ 


(11) 


where  A  is  the  difference  between  the  position  of  the 
Ai-diff faction  maxima  and  the  /z&O-maxima. 

The  "Faltung"-the(>rem10  can  be  used  for  solving 
Equation  1 


-  I 

J 

f. 


(12) 


where  G(t)  and  H(t)  are  Fourrier's  transforms  of 
the  function  g(x)  and  h(x}  respectively: 


G(f)  = 


1 


V27T      J    _, 


(13a) 


H(t)=. 


1  /*°° 

—         *(*)«"•«** 

v  J    —  oo 


Using  (6)  and  (11)  we  obtain 


(14a) 


Then,  \//(£  )  can  be  expressed  as 
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A. 


where 


(15) 
(16) 


It  follows  from  Equations  1  and  15  that 


1  +  »,«*« 


(17) 


" 


0.55  Olt- 


It  is  convenient  to  use  in  this  calculation  and 
measurement  only  the  small-angle  side  of  the  hk- 
diffraction  lines  (0^0ma.r).  In  this  case,  to  distin- 
guish from  Equations  2a-2c  it  should  be  defined : 


(18a) 
(186) 


h(x)dx 


By  integrating  Equation  17  according  to  Equation 
18a  we  obtain 


—  (19) 


where 


and 


>J 


(20*) 


(20ft) 


By  analogy,  it  follows  from  Equations  18ft,  c,  6  and 
11  for  b  and  y3: 


0.885 


(21) 


dx  =  • 


1.02 


Expressing  the  ratios  b/B  and  fi/B  we  have : 


-  =0.885 
B 


V         At 

2. 

~  VI  +  <7<2 


(23) 


ff* 


7T1'02- 


\^  S*i 

2,  — =± 


(24) 


It  can  be  easily  seen  from  the  last  two  equations, 
b/B  and  p/13  are  functions  only  of  the  parameters  *. 

For  graphical  representation  of  the  interdepend- 
ence between  b/B  and  fi/B  various  values  of  *  should 
be  used.  As  *  is  becoming  larger,  more  members  of 
the  sum  2  ought  to  be  taken  into  account.  In  other 
words,  the  larger  K  is  the  better  approximation  of 
the  $  («)  is  needed.  For  practical  purposes  it  is 
enough  to  calculate  b/B  and  ft/B  up  to  *  =  3,  as 
represented  in  Fig.  2.  The  most  striking  result  ob- 
tained in  this  case  is  that  b/B  can  he  even  larger 
than  one,  namely  p/B  does  not  equal  zero  if  b/B 
is  one.  It  is  understandable  if  Jones'  schematic  ex- 
planation of  his  own  method  is  connected  with  the 
fact  that  an  /it-line  is  not  symmetrical. 

From  Equations  10  and  22  La  can  be  expressed 
in  measureable  values  as 


1.02  A 


(22) 


(25) 


This  equation  is  to  be  used  with  $  (in  radians) 
after  applying  the  correction  curve  from  Fig.  2  for 
which  b/B  is  obtained  by  dividing  one  half  of  the 
integral  breadth  of  the  standard  line  with  the  in- 
tegral breadth  on  the  low-angle  side  from  the  maxima 
of  the  examined  line. 

EXPERIMENTAL 

There  is  a  very  safe  method  of  testing  the  validity 
of  a  correction  curve  such  as  that  in  Fig.  2  by 
changing  instrumental  conditions.7-9  The  testing  is 
better  the  larger  the  range  of  the  correction  curve 
taken  into  account  is.  Having  for  the  time  only  one 
sort  of  carbon  black  with  somewhat  larger  crystal- 
lites, we  have  been  limited  to  vary  b/B  only  by  vary- 
ing specimen  dimensions  and  wave  length  of  the  X- 
radiation. 

The  material  examined  was  a  domestic  acetylene 
black  should  have  crystallites  with  La « 50A. 
Though  larger  crystallites  would  be  desirable  for  test- 
ing the  range  near  b/B  =  1,  the  dimension  of  50A  is 
convenient  because  no  modulating  correction  is 
needed.5 
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Table 


0     0.1   0.2    0.3    0.4  0.5    0.6   0.7   0.8    0.9    1.0    1.1 


Figure  2 

We  have  used  natural  good-crystallized  graphite 
as  a  standard  material  for  measuring  instrumental 
broadening.  In  one  case  only  (as  indicated  in  Table 
II)  it  was  Ceylon-graphite  in  flake-like  form 
sieved  through  a  53  microns  sieve.  In  all  other 
cases  a  fine-powdered  natural  graphite  from  Germ- 
any (suppl.  N.  Branz)  was  used. 

X-ray  powder  photographs  were  taken  with  0  cm 
"Unicam"  vacuum  camera.  Both  the  graphite  and 
carbon  black  samples  were  extruded  separately  but 
through  the  same  thick-walled  glass  capillaries  with- 
out any  binder.  When  such  an  extrusion  was  un- 
successful the  sample  was  wetted  by  a  few  drops  of 
xylene  with  no  harm  to  the  clearness  of  the  photo- 
graphs. After  wetting,  the  paste  made  with  a 
spatula  ought  to  have  proper  plasticity.  The  ex- 
truded sample  was  mounted  together  with  the  capil- 
lary directly  on  the  specimen  support  and  centered 
with  care,  keeping  the  capillary  out  of  the  X-ray 
beam.  The  way  described  for  preparing  samples  is 
essential  in  obtaining  clear  diffraction  diagrams.  The 
filtered  Cu  or  Co  Ka  radiation  was  used. 

After  recording  the  X-ray  diffraction  pattern  on 
"Ferrania"  film,  the  diagrams  were  automatically 
photometered  using  "Chalonge-Lafineur"-apparatus. 
Microphotometer  records  were  transmitted  to  rela- 
tive intensities  applying  a  graded  scale  where  needed. 

In  the  determination  of  La-values  both  the  10- 
and  11-line  width  can  be  generally  used.  There  are 
some  theoretical  and  practical  reasons  supporting  the 
choice  of  10  rather  than  11  band  for  measurements. 

The  disadvantage  of  using  this  line  because  of 
some  anomalies  of  the  carbon  atomic  factor  in  this 
angle  range,  as  pointed  out  by  Franklin,12  can  be 
eliminated  by  calculating  with  the  atomic  factor 
according  to  McWeeney13  (applied  recently  by 
Boehm  and  Hoffmann14).  The  double  separation 
for  this  line  of  carbon  black  is  negligible  (Cu  Ka 
Co  Ka  radiation),  while  the  11  line  must  be  given 
a  doublet  correction.5  Further,  it  is  impossible  to 
prepare  a  powder-orientation-free  graphite  sample.15 
The  101  line  of  graphite  is  practically  free  of  this 
effect.  All  the  others  are  more  or  less  broadened  by 
the  orientation  of  the  crystals  around  the  capillary 
wall.  There  is  no  such  effect  with  carbon  black 
because  of  their  sphere-like  particles.  (The  effect 


Cam- 
era 
(cm) 


Speci- 
men 
(m/m) 


Radi- 
ation 


Density 
of  bloc*- 
ening  at 
maxim. 


b/B 


Deviation 
from 
mean 

U) 


0.5 
0.5 
1.0 
1.0 
1.0 


CuA'a 
Cu  Ka 


Co  A'a       0.820 


0.255  0.37 
0.442  0.40 
0.957  0.76 
0.198  0.77 
0.57 


63.8 
61.9 
58.0 
58.8 
62.6 


2.8 
0.9 
3.0 
2.2 
1.6 


Mean  value  with  relative  standard  deviation 
*  Ceylon  graphite  as  standard. 


61 A  ±  4.13% 


is  most  pronounced  for  001  reflection  of  graphite, 
where  resolution  into  two  lines  is  taking  part.  Con- 
sequently, graphite  is  useless  as  a  standard  material 
for  Lc  measurements  from  the  001-line  width.)  Fin- 
ally, if  the  11  line  were  taken,  much  longer  exposure 
times  would  be  required. 

There  is  one  disadvantage  in  using  101 -graphite 
reflection  for  measuring  instrumental  line-broaden- 
ing, ?'/£.,  the  existence  in  nearly  all  powdered  samples 
of  the  rhombohedral  modification  of  the  graphite.14 
The  rhombohedral  101  reflection  is  lying  closely  be- 
tween hexagonal  100  and  101  lines.  In  our  samples 
the  amount  of  this  graphite  modification  though  not 
large,  was  just  sufficient  to  influence  seriously  the 
low-angle  side  of  the  101  maxima.  We  have  used 
only  the  high  angle  side  in  measuring  the  integrated 
line  width.  As  far  as  routine  work  is  concerned  one 
can  apply  a  simple  preliminary  chemical  treatment14 
of  the  powdered  graphite  to  obtain  clear  101  maxima. 

The  intensities  of  all  10  lines  were  corrected  by 
the  expression  (see  Kquation  4)  : 


The  100  lines  of  graphite,  when  very  broad  (due 
to  the  specimen  dimension)  were  given  a  correction 
for  Lorentz  polarization  factor  multiplied  by  F2. 
In  both  cases,  atomic  factor  for  unsymmetrical  carbon 
atom  after  McWeeney13  was  used.  No  correction 
for  absorption  was  taken  into  account  on  the  assump- 
tion that  the  density  of  the  samples  might  be  similar. 
Before  integrating  the  area  under  the  low  angle  side 
of  such  an  intensity  corrected  10  line,  the  maxima 
ought  to  be  located  with  some  caution.  [It  is  advis- 
able to  compare  the  experimental  line  shape  with  that 
of  </>(«)]. 

In  the  next  table  are  collected  all  values  obtained 
for  La  under  different  conditions,  and  calculated 
according  to  (25)  using  the  correction  curve  in 
Fig.  2. 

A  measure,  obtained  with  a  specimen  less  than  0.3 
m/m  in  diameter  without  any  correction  for  instru- 
mental broadening,  gave  the  result:  L0~61  A. 

CONCLUSIONS 

The  results  from  the  Table  II  confirm  the  validity 
of  the  correction  curve  in  Fig.  2.  There  is  no  general 
trend  of  the  results,  standard  deviation  being  quite 
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satisfactory.10  In  practice,  a  specimen  of  about  0.5- 
0.6  m/m  diameter  is  easily  prepared,  while  thin- 
ner rods  make  difficulties.  With  our  correction  curve 
such  specimens  may  be  used  even  if  b/B  is  exceed- 
ing 0.5,  saving  in  this  way  exposure  time,  which  can 
be  very  long  for  thinner  specimens. 
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Production  and  Neutron  Absorption  of  Nuclear  Graphite 


By  K.  Wirtz,*  Federal  Republic  of  Germany 


Methods  are  described  for  the  measurement  of 
neutron  absorption  in  relatively  small  quantities 
(~  1.5  tons)  of  graphite  by  means  of  a  (Ra  +  Be) 
neutron  source,  as  well  as  the  production  and  the 
examination  of  neutron  absorption  of  pure  graphite 
of  high  density  (>  2gm/cm3). 

MEASUREMENT  OF  NEUTRON  ABSORPTION 

Development  work  on  graphite  gave  rise  to  the 
problem  of  determining  the  absorption  of  thermal 
neutrons  in  relatively  small  quantities  of  graphite. 
A  source  containing  %  ft111  Ra  +  Be  was  available 
for  the  production  of  the  neutrons. 

The  measurement  of  the  diffusion  length  L  has 
been  frequently  described.1  Spherical  symmetric 
arrangements  with  the  source  in  the  center  would 
be  the  most  favorable  for  measurement.  However, 
the  graphite  is  actually  produced  in  rectangular 
blocks,  out  of  which  a  cube  is  most  frequently 
constructed  as  the  simplest  arrangement  of  high 
symmetry.  The  density  distribution  of  thermal  neu- 
trons in  this  cube  gives,  with  the  help  of  elementary 
diffusion  theory,  the  diffusion  length  L  average  over 
the  Maxwell  distribution. 

At  first  we  also  studied  a  cube  of  this  size  which 
was  composed  of  artificial  industrial  graphite  prod- 
uced by  Siemens-Plania  (density  «*  1.6  gm/cm3). 
The  diffusion  length  obtained  was  L  =  40  cm ;  the 
transport  length  was  At  =  2.6  cm.  In  the  case  that 
all  absorption  can  be  attributed  to  carbon,  the  ex- 
periment yielded  an  absorption  cross  section  of 
<rn  =  7.7  mb  per  C  atom  for  a  neutron  velocity  of 
2200  m/sec.  Systematic  work  with  this  graphite 
made  it  possible  to  reduce  the  dimension  of  the  cube 
necessary  for  the  measurement  of  the  diffusion  length 
or  the  absorption  cross  section  to  90  cm ;  i.e.,  to  less 
than  Vio  °f  the  quantity  of  graphite  previously  neces- 
sary. For  this  purpose  two  methods  have  proved 
feasible.  In  both  methods  the  source  was  placed 
in  the  center  of  the  cube,  and  the  cube  was  sur- 
rounded by  a  layer  of  paraffin  about  40-cm  thick. 

Cubicle-Surface  Source 

In  the  first  case,  it  was  possible  to  place  between 
the  graphite  cube  and  the  paraffin  layer  a  cubic  shell 
either  of  cadmium  or  aluminum  1-mm  thick.  The 
difference  in  the  density  distribution  of  the  neutrons 
inside  the  shell  with  and  without  cadmium  corre- 
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sponded  to  the  intensity  distribution  for  a  thermal 
source  extending  over  the  outer  surface  of  the  cube. 
For  the  evaluation  of  the  diffusion  equation 


A«— -    = 


(1) 


it  was  convenient  to  cover  permanently  the  bottom 
and  top  surfaces  of  the  cube  with  a  cadmium  layer, 
so  that  at  these  surfaces  the  neutron  intensity  was 
always  zero,  and  to  make  only  the  four  vertical 
surfaces  into  plane  sources  by  exchanging  the  cad- 
mium layers. 

For  the  neutron  distribution  inside  this  jacket 
source,  one  can  assume  the  following  solutions  for 
Equation  1.  With  the  coordinate  origin  in  the  cen- 
ter of  the  cube  (a  =  side  length  of  the  cube,  includ- 
ing extrapolation  length), 


(• 


. 

cosh  —  cos  — 
Lin,          a 


y  ITTX\         mirz  ... 

+  cosh  ~—  cos )  cos  -— —  (2) 

Lim  as  a 


This  gives  with  Equation  1 

1  1     ,   n2    2          2 

PIT  ^  fl  +  T2  ('    +m' 

Lim          L  (I 

For  the  vertical  z-axis  (x  =  ^   =  0),  which  runs 
parallel  to  the  source  surfaces,  this  reduces  to 


(3) 


/  N         V*  ^  A            WIT*       \^   ^          W7rs 
n(z)  =     >    2^4 /w  cos =    /,  Cm  cos 

y         W  a          ^  a 


/.  m 


with 


Ci  -  2(yln  +  /1 13  +  -4»+...) 
C8  =  2  Usi  +  ^33  +  ^35  +•  •  •) 


(4) 


(5) 


or  generally 

C  =  2 


fe,  it  k  =  1,  3,  5.  .  . 


For  a  vertical  axis,  which  runs  parallel  to  the  £-axis 
(,r  =  y  =  ^-0)  in  the  inside  of  the  cube,  the  correspond- 
ing expression  is 


Swiirz 
Bm  cos 
a 


(6) 
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with 
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The  convergence  of  the  coefficients  Aik  is  in  general 
good  and  was  in  some  cases  more  exactly  studied. 
Therefore,  it  is  sufficient  to  use  only  the  first  two 
harmonics.  Further,  because  of  the  cubic  sym- 
metry: Aik  =  Aki  and  Lik  =  LU. 

It  is  sufficient  to  measure  the  density  of  thermal 
neutrons  along  the  axis  (z,  0,  0)  and  (z,  XQ,  #o). 
From  the  experimental  curves  n  (z)  and  n  (z,  tfo, 
#o)one  obtains  by  a  Fourier  transformation  of  the 
general  type 


/•a/2 

r.-i/     . 

a   / 

J-a/2 


(z)  cos  - —  dz 
a 


the    coefficients   £m  and  ^w 
there  follows 


(8) 
From    Equation   4 
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From  this  and  Equation  7  we  obtain  the  transcen- 
dental equation 


cosh  ^  = 


1 


(Ci  -  C8)  cos2 


—   ^>3  COS 


7T  A  0 


(10) 


Its  solution  gives  the  relaxation  length  LU  and  also 
with  Equation  3  the  diffusion  length. 

Studies  of  this  sort  with  artificial  graphite  have 
been  made  by  J.  Garcia  Fite  in  the  Max-Planck- 
Institut  fur  Physik  in  Gottingen.  The  result  for  L 
agreed  within  experimental  error  with  that  measured 
in  the  large  cube. 

Integral  Method 

The  second  method  avoids  the  use  of  diffusion 
theory  and  permits  the  comparison  of  the  unknown 
absorption  cross  section  of  graphite  with  the  known 
cross  section  of  paraffin.  This  method  proved  to  be 
the  simplest  and  most  reliable,  and  it  was  this  method 
which  was  used  for  the  development  work  on  gra- 
phite of  high  density.  First,  however,  it  was  likewise 


tried  out  with  graphite  of  normal  density,  in  order 
to  obtain  the  relation  with  the  aforementioned  meas- 
urements. 

The  source  was  again  placed  in  the  center  of  the 
graphite  cube,  which  was  surrounded  by  the  40  cm 
paraffin  layer.  (The  cadmium  or  aluminum  sheets 
were  not  present).  All  source  neutrons,  Q  per  second, 
were  completely  absorbed  inside  this  arrangement, 
part  in  the  inner  graphite  cube  and  part  in  the 
paraffin  cover.  By  integration  of  the  neutron  density 
distribution  n(x,  y,  s)  over  the  whole  graphite  volume 


Nc  ==  /  nc  (jc,  y,  z)  dx  dy  dz 


(11) 


Graphite 


and  likewise  by  integration  of  np  (:c,  y,  z)  over  the 
entire  paraffin  cover 


=  /  np  (x,  y,  z)  dx  dy  dz 

Paraffin 


(12) 


one  obtains 


(v  =  neutron  velocity ;  S  =  macroscopic  absorption 
cross  section).  Q  is  obtained  from  the  integral  NPQ 
of  the  source  neutron  density  in  a  cube  of  side- 
length  of  about  1.6  m  which  consists  only  of  paraffin, 
and  in  which  all  source  neutrons  will  be  likewise 
absorbed. 


Then 


From  Equations  13  and  14 


(14) 


(15) 


Because  of  the  \/v  dependence  of  the  absorption 
cross  section,  there  is  no  dependence  on  the  Maxwell 
distribution  of  the  neutrons.  The  epithermal  absorp- 
tion of  fast  neutrons  of  the  source  during  the  slow- 
ing-down  in  the  hydrogen  of  the  paraffin  makes  it 
necessary  for  Np°  to  be  increased  by  1%.  The  usual 
foil  corrections  must  be  considered.  For  the  atomic 
absorption  cross  section  of  the  paraffin  a  value  of 
<r-(CH2)  =  0.665  b  for  v  =  2200  m/sec  was  used.  The 
purity  and  chemical  composition  CH2  of  the  paraf- 
fin was  controlled  analytically.  In  this  way,  for  the 
industrial  artificial  graphite,  <ra  =  7.9  mb  was  ob- 
tained, which  agrees  within  the  error  of  measure- 
ment with  the  value  that  corresponds  to  the  diffusion 
length  of  the  first  method. 

Mr.  K.  H.  Bockhoff  was  chiefly  responsible  for 
this  experimental  work. 

NATURAL  GRAPHITE  OF  HIGH  DENSITY 

The  production  as  well  as  the  mechanical,  thermal 
and  nuclear  properties  of  artificial  graphite  are  well 
known.2  Artificial  graphite  is  obtained  from  pressed 
coke,  mostly  petroleum  coke,  through  "graphytiza- 
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Table  I.  Neutron  Absorption  Cross-Section  per  Carbon  Atom  Obtained  with  the 
Integration  Method  in  Cubes  of  90  x  90  x  90  cm. 


No. 


Typf 


Mean  density  of 
thf  cube,  gm/cm* 


For  2200  m/sec, 
millibar  n 


Remarks 


1      Artificial  graphite  1.57 

from  Siemens- Plania 


2  Natural  graphite  2.057 
from  Kropfmiihl 

3  Natural  graphite  2.072 
from  Kropfmiihl 

4  Natural  graphite  2.072 
from  Kropfmiihl 


Pure  carbon 


7,9  Not  produced  for 

purposes  of  nuclear 
physics 

7.6  Still  contains  chlorine 

from  the  purification 

5.2  Sodium  carbonate 

purification 

4.8  Sodium  carbonate 

and  chlorine  purifi- 
cation; chlorine 
removed 

4.5  Table  value;  c.f., 

e.g.,  Hughes,  Pile 
Neutron  Research 


tion"  at  a  very  high  temperature.  Although  the 
density  of  crystalline  graphite  is  nearly  2.3  gm/cm3, 
the  density  of  the  artificial  graphite,  which  likewise 
consists  of  a  network  of  small  crystallites,  seldom 
exceeds  the  value  of  1.7  gm/cm3,  since  the  density 
of  the  coke  determines  the  density  of  the  final 
product. 

In  southern  Germany  there  are  great  deposits  of 
graphite  ores,  which  contain  20%  graphite  in  the 
form  of  relatively  large  crystal  flakes.  The  graphite 
can  be  extracted  after  crushing  the  rock  by  flotation 
methods.  The  Graphite  Factory  Kropjmiihl  in 
Munich,  a  producer  of  natural  graphite,  in  collabora- 
tion with  the  Max-Planck-Institut  fiir  Physik  in 
Gottingen,  was  successful  in  producing  from  this 
material  formed  graphite  pieces,  which  were  very 
pure  as  well  as  mechanically  and  thermally  stable. 
The  method  of  production  is  briefly  the  following: 

1.  The    concentrated    flakes,     containing    about 
93-95%   carbon,   are   heated  to  high  temperatures 
(800-1000°C)   in  the  presence  of  chlorine  gas  or 
sodium  carbonate  as  well  as  catalyzers.  The  impurities 
are  transformed  partly  into  gaseous  or  water  soluble 
compounds.3  The  remaining  graphite  contains  only 
about  0.04%  ashes,  which  are  composed  mainly  of 
oxides  of  the  elements  Si,  Ti,  Al,  Fe,  Mn,  Mg,  Ca, 
Na,  K,  Cr,  Ni  and  V.  The  concentration  of  rare 
earths  and  of  boron  is  less  than  0.1  ppm,  probably 
much  less.  As  a  whole,  these  impurities  should  not 
raise  the  thermal  absorption  cross  section  per  carbon 
atom  more  than  0.07  mb. 

2.  This  material  is   finely  crushed  and   then  is 
compressed  at  high  pressure    (3000   kg/cm2)    and 
normal  temperature  into  formed  pieces  of  density 
2.05  to  2.07  gm/cm3.  The  pressed  pieces  are  polished 
only  on  the  surfaces  that  are  perpendicular  to  the 
direction  of  pressing.  The  compression  of  the  gra- 
phite is  successful  only  with  material  of  a  certain 
chemical  history. 

3.  These  pieces  undergo  a  thermal  hardening  at 


a  temperature  of  800°  C  to  900°  C  in  a  suitable  gas 
atmosphere. 

4.  Finally  the  pieces  are  controlled  with  respect 
to  their  mechanical  properties  and  their  absorption 
of  thermal  neutrons. 

Up  till  now  only  blocks  of  8  X  8  X  5  cm  have  been 
produced  in  which  the  planes  8X8  cm  were  per- 
pendicular to  the  direction  of  compression.  The 
density  of  these  samples  was  invariably  around  2.06 
to  2.07  gm/cm3.  An  arrangement  of  these  blocks  in 
the  form  of  a  cube  of  about  90  X  90  X  90  cm  resulted 
in  a  mean  density  of  the  cube  that  was  only  0.2% 
to  0.3%  less  than  that  of  the  blocks  themselves. 

The  limit  of  mechanical  compression  was  studied 
for  single  blocks  by  means  of  a  hydraulic  press  with 
pressure  being  applied  parallel  to  the  original  direc- 
tion of  compression.  The  steel  planes  of  the  pressure 
extended  well  over  the  edges  of  the  blocks.  Between 
the  blocks  and  the  steel  surfaces  were  placed  layers 
of  blotting  paper.  Up  to  a  pressure  of  50  kg/cm2, 
the  blocks  showed  no  change;  above  50  kg/cm2, 
there  appeared  small  flaking  at  the  edges ;  at  125 
kg/cm-  the  blocks  showed  small  fissures,  and  at 
180  kg/cm2  failure  occurred. 

The  graphite  can  be  as  easily  machined  with  a 
lathe  as  artificial  graphite.  In  some  cases  it  may  be 
advisable  to  harden  the  formed  pieces  first  after  the 
machining;  in  this  manner  the  stability  of  the  edges 
of  the  machined  areas  can  be  improved. 

The  thermal  conductivity  of  the  blocks  is  about 
0.3  cal/cm~1-sec~t-deg"~1  and  thus  corresponds  ap- 
proximately to  that  of  artificial  graphite. 

The  resistance  to  heating  has  been  studied  in  a 
preliminary  manner.  In  vacuum,  heating  over  a  con- 
siderable period  of  time  to  a  temperature  of  800°  C 
was  possible  with  no  difficulty,  and  even  at  1700°C 
there  was  no  damage  after  three  days.  In  the 
presence  of  air  damage  appeared  at  a  temperature 
of  450°C,  similar  to  the  behavior  of  artificial  gra- 
phite. 
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No  experiments  have  been  made  so  far  concerning 
stability  in  the  radiation  field  of  a  reactor,  but  it 
can  be  hoped  that  the  results  will  be  similar  to  those 
obtained  for  artificial  graphite. 

From  each  of  three  different  samples  of  the  highly 
purified  natural  graphite,  two-ton  blocks  were 
produced.  Their  neutron  absorption  cross  section  was 
studied  by  means  of  the  integration  method.  If  the 
whole  absorption  is  considered  to  be  due  to  carbon 
only,  the  results  shown  in  Table  1  are  obtained. 
In  this  table  the  corresponding  measurement  with 
the  artificial  graphke  is  given.  Obviously  samples  3 
and  4  can  be  considered  suitable  for  nuclear  pur- 
poses, under  the  assumption  that  our  method  con- 
tains no  systematic  error.f 

From  the  values  for  o-a  given  in  Table  1  for 
?'o  —  2200  m/sec,  the  diffusion  length  averaged  over 
the  Maxwell  distribution  is  obtained  by  means  of 

\t      1          A,    1.128 


with  ¥  =  average  velocity 

fThe  error  from  the  measurements  should  be  less  than  3%. 


V  = 


n(v)  vdv 


1.128^ 


2tt(?'o)  —  Afo-a(7>o)  ;  N  =  number  of  carbon  atoms 
per  cm3;  and  A*  =  2.6 cm  for  density  1.6gm/cm3. 
For  the  absorption  cross  section  cr0  =  4.8  mb  of 
sample  4  with  a  density  of  1.6  gm/cm3,  the  diffusion 
length  7,^  50.4  cm  is  obtained;  for  a  density  of 
2.072  the  length  L  &  39.0cm. 
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Mr.  L.  M.  CURRIE  (USA)  presented  paper  P/ 
534. 

Mr.  J.  GUERON  (France)  presented  paper  P/343 
with  the  following  remarks : 

The  production  of  graphite  for  nuclear  purposes 
in  France  has  been  carried  on,  since  the  creation 
of  the  Commissariat  d  I'Encrgie  Atomique  (Atomic 
Energy  Commission),  by  the  joint  efforts  of  the 
Commissariat  itself  and  the  Societc  Pechincy.  This 
industry  has  now  reached  a  turning  point,  since  the 
purification  problems  have  been  practically  solved 
whatever  the  raw  material  may  be.  In  the  future  we 
shall  have  to  put  ourselves  in  a  position  to  supply 
pile  engineers  with  a  whole  range  of  products  to  en- 
able them  to  carry  out  very  widely  differing  schemes. 
We  must  therefore  learn  to  produce  at  will  graphite 
of  varying  density  which  is  resistant  to  radiation 
effects,  the  characteristics  of  which  have  been  dis- 
cussed in  great  detail  in  previous  sessions.  We  must 
also  refine  the  detailed  processes  of  manufacture, 
which  is  in  many  respects  still  at  the  craftsman  stage. 
To  mention  only  one  sympton  of  this,  I  will  remind 
you  that  although  we  can  make  optically  pure  graph- 
ite, we  cannot  make  graphite  with  physical  proper- 
ties that  remain  constant  throughout  a  single  bar 
without  some  few  per  cent  of  error.  This  example 
is  enough  to  prove  that  unemployment  is  not  yet 
lying  in  wait  for  graphite  engineers. 

Mr.  B.  BURAS  (Poland)  presented  paper  P/943. 

DISCUSSION  OF  P/534,  P/343  and  P/943 

Mr.  K.  WIRTZ  (Germany)  :  I  want  to  ask  Mr. 
Currie  two  questions,  and  I  want  to  make  one  remark 
on  this  paper.  The  first  question  is :  How  have  the 
low  absorption  cross  sections  of  3.2  to  3.5  been  meas- 
ured? 

Mr.  CURRIE  (USA) :  Those  were  determined 
directly  by  the  General  Electric  organization  in  the 
Hanford  pile.  I  think  that  there  are  others  present 
in  this  room  this  afternoon  who  can  answer  better 
than  I,  for  instance,  Mr.  Hennig. 


Mr.  G.  R.  HENNIG  (USA)  :  We  determine  the 
absorption  cross  section  of  carbon- 12  by  determining 
the  increase  in  carbon-13  concentration  after  a  known 
flux.  We  determined  similarly  the  concentration  of 
carbon-14  which  was  produced  by  carbon-13,  and 
thereby  determined  the  cross  section  of  3.2  ±  0.2, 
and  then  in  a  separate  determination  with  a  pile  oscil- 
lator we  confirmed  these  cross  sections. 

Mr.  WIRTZ  (Germany)  :  I  asked  my  question  be- 
cause of  the  way  you  described  it.  You  get  a  carbon 
cross  section  but  not  of  the  whole  graphite. 

However,  if  you  have  confirmed  it  by  a  pile  oscil- 
lator, that  answers  my  question. 

Mr.  HENNIG  (USA)  :  Maybe  I  did  not  understand 
you ;  but  it  seems  to  me  that  if  the  graphite  contains 
only  carbon-12  and  carbon-13,  then  the  appropriate 
sum  of  the  two  absorption  cross  sections  should  be 
the  absorption  cross  section  of  carbon.  This  is  what 
we  confirmed  by  a  pile-oscillator  experiment. 

Mr.  WIRTZ  (Germany)  :  May  I  add  this  state- 
ment, that  we  have  mechanically  stable  blacks  pressed 
from  natural  graphite  and  that  they  have  a  mean 
absorption  cross  section  up  till  now  of  about  4.6 
millibarns  and  a  density  of  2.1.  1  though  that  might 
interest  you. 

Mr.  H.  HERING  (France)  :  I  should  like  to  ask 
Mr.  Currie  a  number  of  questions: 

1.  Is  the  "GBF"  purification  process  quoted  by 
Woods  the  same  as  that  just  mentioned  by  Mr. 
Currie,  or  can  the  purification  referred  to  by  Woods 
be  carried  out  in  an  ordinary  Acheson  furnace? 

2.  For  what  reasons  was  it  decided,  in  the  United 
States,  to  manufacture  reactor  graphite  in  sections  of 
4y2  X4y2  inches? 

3.  With  regard  to  the  effect  of  the  particle  eccen- 
tricity of  coke  on  the  behaviour  of  graphite  under 
irradiation,  am  I  right  in  thinking  that  an  increase 
in  this  eccentricity  increases  the  ratio  of  transversal 
to  longitudinal  expansion? 

4.  In  your  pUper  you  state  that  it  is  possible  to 
make  graphite  with  densities  greater  than  1.90  by 
using  furnace  black,  but  that  it  is  difficult,  indeed 
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very  difficult,  to  produce  graphite  of  more  than  one 
inch  in  diameter  in  this  way,  owing  to  the  low  perme- 
ability of  the  products  used.  What  form  does  the 
difficulty  take  ?  That  of  swelling  during  firing  ? 

5.  Was  the  lampblack  stock  referred  to  Table  XI 
obtained  in   the  usual  manner,  coke  simply  being 
replaced  by  lamplack?  And  can  we  assume  from  its 
high  coefficient  of  expansion  that  it  would  expand 
considerably  under  irradiation? 

6.  Do  you  regularly  measure  the  temperature  in 
graphitization  furnaces,  or  is  this  done  only  excep- 
tionally ? 

Mr.  CURRIE  (USA)  :  The  GBF  purification  as 
mentioned  by  Mr.  Woods  is  essentially  the  purifica- 
tion method  we  are  talking  about.  Some  of  the 
materials  may  not  have  been  identical  because  there 
have  been  changes  in  raw  materials  through  the 
years,  but  essentially  the  GBF  material  referred  to 
by  Mr.  Woods  is  the  same  as  the  material  we  are 
talking  about  here. 

The  answer  to  the  second  question,  about  the 
choice  of  sizes  for  cross  section,  of  about  4l/2  X  4% ; 
it  was  not  always  that — it  was  in  that  neighborhood. 
That  was  a  combination  of  circumstances:  one  was 
the  dies  available  then,  and  the  other  was  the  design 
requirements  for  the  piles  then  being  built. 

With  regard  to  the  next  question  about  the  eccen- 
tricity of  the  particles,  I  think  that  (for  the  same 
base  stock)  if  you  increase  the  eccentricity  of  the 
particles  you  can  expect  to  increase  the  anisotropy  of 
the  graphite.  The  answer  to  your  question  is  yes. 

Regarding  your  question  about  carbon  black  ma- 
terial giving  a  density  of  1.9,  and  making  the  ma- 
terial much  larger  than  a  cross  section  of  1  inch,  this 
gives  you  a  very  low  permeability.  In  the  green  stock 
it  causes  distortion  and  cracking,  and  as  such  we  have 
not  considered  it  really  commercial:  it  takes  too 
much  time  and  care  in  the  handling,  and  at  present 
I  do  not  think  we  care  to  go  in  for  a  much  larger 
section  of  this  highly  filled  lampblack  material.  The 
black  was  introduced  directly  into  the  base  stock  by 
substituting  lampblack  for  some  of  the  materials. 
It  was,  of  course,  necessary  to  adjust  the  pitch  in 
the  rest  of  the  composition  to  give  you  the  right 
properties.  I  do  not  know  that  this  high  dilution 
coefficient  would  mean  that  it  would  give  you  higher 
expansion  on  irradiation  I  think  the  data  given 
before  would  indicate  that.  I  am  not  sure  that  you 
can  extend  them  for  the  materials  of  this  base 
stock.  If  you  were  to  guess,  it  would  probably  be  in 
that  direction. 

Then  you  asked  about  the  ways  of  measuring 
graphitizing  temperatures.  There  are  several  ways. 
Optical  measurements  are  not  too  satisfactory.  For 
routine  manufacturing  runs  with  furnaces  of  the 
same  size  and  with  the  same  charge,  temperature  is 
controlled  by  the  rate  of  advancing  power  input  and 


that  gives  you  a  pretty  steady  temperature  rise  and 
temperature  measurement  at  the  end.  Each  furnace 
charge  is  not  measured  optically,  but  the  control  is 
very  careful. 

Mr.  J.  P.  HOWE  (USA)  :  I  would  like  to  ask  Mr. 
Gueron :  What  halogen  compounds  or  halogens  are 
used  for  purification,  and  what  conditions  of  time 
and  temperature  are  most  effective? 

Mr.  GUERON  (France)  :  I  am  sbrry  to  have  to 
follow  the  example  of  Sir  Christopher  Hinton  when 
he  explained,  during  the  session  on  reactors  yester- 
day, that  trade  secrecy  had  to  be  brought  into  this 
Conference,  and  I  am  extremely  sorry  that  I  am 
unable  to  give  a  detailed  reply  to  the  question  which 
has  just  been  asked. 

Mr.  W.  K.  WOODS  (USA):  We  have  not  pre- 
viously inquired  about  whether  you  have  had  any 
experience  with  the  radiation  damage  effects  in 
graphites  of  various  densities. 

Mr.  GUERON  (France)  :  We  have  not  yet  had 
such  experience.  We  feel  that  the  systematic  study 
of  the  effect  of  radiations  on  graphites,  in  relation 
to  their  density  in  the  case  of  compositions  or  ma- 
terials of  the  same  kind,  and  at  a  practically  constant 
density  when  the  nature  of  the  materials  is  changed 
very  considerably,  is  extremely  important,  so  that 
pile-building  engineers  will  be  in  a  position  to  know 
precisely  what  range  of  graphites  is  available  to 
them  for  their  various  schemes.  I  believe  that  you 
were  asked  this  same  question  in  a  previous  session, 
and  you  said  that  you  yourselves  were  not  altogether 
sure  that  you  had  meaningful  data  on  this  subject. 
As  I  said  in  concluding,  1  feel  that  that  is  now  one  of 
the  questions  that  we  all  ought  to  try  to  solve,  and  I 
hope  that  we  shall  be  able  to  do  so  to  a  large  extent 
by  combining  our  efforts. 

Mr.  CURRIE  (USA)  :  I  would  like  to  ask  Mr. 
Buras  two  questions,  and  perhaps  I  can  ask  them 
consecutively.  Would  you  care  to  state  what  the 
sizes  of  the  graphite  shapes  were  that  you  made  from 
the  napthalene  coke?  Also  there  is  a  question  the 
answer  to  which  I  could  not  find  in  your  paper :  how 
did  the  chemical  purification  of  the  pitch  or  tar  affect 
the  physical  properties  of  what  you  made  from  it? 
Did  you  have  a  change  in  the  pitch  at  all? 

Mr.  BURAS  (Poland):  The  sizes  of  graphite 
shapes  at  present  in  experimental  production  are 
20  cm  X  20  cm  X  100  cm.  With  regard  to  the  sec- 
ond question,  purification  of  the  pitch  has  not  been 
observed  to  change  the  physical  properties  of  prod- 
ucts made  from  it 

Mr.  HERING  (France)  :  I  find  Mr.  Buras'  method 
for  determining  the  ash  content  of  the  pitch  extreme- 
ly interesting.  I  should  like  to  ask  him  what  was 
the  size  of  the  sample  used  each  time. 

Mr.  BURAS  (Poland)  :  Several  grammes. 
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Zirconium  Metal  Production 

By  S.  M.  Shelton,  E.  D.  Dilling,  J.  H.  McClain,*  USA 


Zirconium  metal  and  zirconium-rich  alloys  have 
excellent  corrosion  resistance  and  suitable  physical 
properties  provided  interstitial  impurities  including 
carbon,  nitrogen,  oxygen  and  hydrogen  are  removed 
to  low  limits. 

Hafnium,  because  of  its  inherently  high  thermal 
(slow-speed)  neutron  absorption  is  objectionable  in 
reactor-grade  zirconium. 

Zirconium  metal  production  on  a  large  scale  in  the 
United  States,  has  been  tailored  to  meet  the  specifi- 
cations for  reactor-grade  zirconium.  High-hafnium 
zirconium  with  essentially  the  same  physical  and  ' 
chemical  properties,  but  much  less  costly  to  produce, 
has  reached  only  the  development  stage. 

This  report  describes  the  current  status  of  zircon- 
ium metal  production,  with  a  detailed  account  of  the 
production  of  reactor-grade  zirconium  by  the  Bureau 
of  Mines. 

ZIRCONIUM  ORES 

Zirconium  formerly  considered  in  the  class  of 
rare  elements,  actually  is  more  plentiful  in  the 
earth's  crust  than  nickel,  copper  lead,  zinc,  and  some 
of  the  other  familiar  metals.  Zircon  the  most  widely 
distributed  and  most  important  source  of  the  metal, 
is  an  orthosilicate  with  the  formula  ZrSiC>4  (theo- 
retically 67.2%  ZrO2  and  32.8%  SiO2).  A  less  im- 
portant source  mineral  because  of  its  restricted 
occurrence,  is  baddeleyite  an  oxide  of  zirconium. 

Hafnium,  the  homolog  of  zirconium,  occurs  almost 
invariably  associated  with  zirconium  minerals;  with 
the  exception  of  the  rare  mineral  thortveitite,  zir- 
conium always  is  present  in  much  higher  concen- 
trations than  hafnium.  The  hafnium  oxide  content 
of  zircon  and  baddeleyite  varies  between  0.5-2.0  per 
cent  and  0.5-1 .8  per  cent,  respectively.  Certain  altered 
varieties  of  zircon,  such  as  alvite  and  cyrtolite  are 
the  richest  sources  of  hafnium  and  contain  as  much 
as  17  per  cent  hafnia. 

Commercial  concentrations  of  zircon  are  restricted 
almost  entirely  to  beach  sand  and  stream-placer 
deposits;  however,  minor  production  has  been  re- 
ported from  operations  in  pegmatite  dikes.  Produc- 
tion from  Florida  and  imports  from  Australia  sup- 
ply the  zircon  requirements  of  the  United  States. 
Relatively  small  quantities  of  baddeleyite  are  re- 
ceived from  Brazil. 

*  US  Department  of  the  Interior,  Bureau  of  Mines, 
Albany,  Oregon. 


Reserves  of  zirconium  minerals  in  the  countries 
of  the  Free  World  appear  adequate  to  support  any 
expansion  in  use  foreseeable  at  this  time.  Reserves 
in-  the  United  States  have  been  estimated  between 
5  and  15  million  short  tons.  Estimates  as  high  as 
2  million  tons  have  been  reported  for  baddeleyite  in 
Brazil  and  zircon  is  known  to  occur  in  substantial 
quantities  even  though  no  values  have  been  assigned. 
Reserves  of  1  million  tons  of  zircon  have  been 
credited  to  Ceylon  and  values  as  high  as  5  million 
tons  have  been  reported  for  India.  Zircon  reserves 
in  Australia  are  believed  to  be  high  but  no  reliable 
estimates  are  available. 

Consumption  of  zircon  in  the  United  States,  esti- 
mated between  25,000  and  30,000  tons  for  1953,  has 
been  increasing  steadily  over  the  past  few  years.  Sub- 
stantial increases  have  occurred  in  the  nonmetallic 
applications  and  although,  at  present,  only  a  minor 
quantity  of  the  mineral  is  being  used  in  the  produc- 
tion of  ductile  zirconium  metal,  the  potential  is 
large. 

Table  I  lists  world  production  of  zircon  for  the 
period  1946-1953. 

ZIRCONIUM  PRODUCTION  METHODS 
History 

The  passage  of  over  one  hundred  and  thirty  years 
from  the  discovery  of  zirconium  by  Klaproth  in 
1789  to  the  first  production  of  pure  metal  by  van 
Arkel,  de  Boer  and  Fast  in  1925,  is  mute  evidence 
of  the  difficulty  encountered  in  the  production  of  the 
pure  metal.  These  years  were  not  without  effort, 
however.  In  1824  Brezelius1  attempted  to  reduce 
potassium  fluozirconate  with  sodium;  the  resulting 
powder  probably  was  an  oxide.  Troost2  repeated  this 
work  in  1865,  and  also  attempted  to  reduce  the 
chloride  with  sodium  and  magnesium,  investigated 
the  reduction  of  sodium  zirconium  fluoride  with 
aluminum,  and  studied  electrolysis  of  the  double 
fluorides.  He  was  unable  to  produce  any  material 
that  was  malleable  or  ductile  or  that  showed  any 
corrosion  resistance.  It  seems  probable  that  his  end 
products  were  mostly  the  lower  oxides  of  zirconium. 
In  1910  Lely  and  Hamburger8  reacted  zirconium 
tetrachloride  with  sodium  in  a  bomb  and  succeeded  in 
producing  a  few  malleable  pellets.  Marden  and 
Rich4  in  1925,  made  brittle  metal  about  99.5  per  cent 
pure  by  reducing  the  double  fluoride  with  aluminum. 

Although  early  workers  experimented  with  the 
reduction  of  boron  silicon,  and  tungsten  chlorides 
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Table  I.    World  Production  of  Zirconium  Ores  and  Concentrates, 
by  Countries,   1946 — 53,  in  Short  Tons 


Country 

1946 

1947 

1948 

1949 

1950 

1951 

1952 

195S 

Australia*  . 

13801 

24165 

25017 

23486 

24120 

47006 

32893 

33200f 

Brazil  (exports;!.  . 

4909 

4385 

4011 

2977 

3325 

3854 

2425 

1206 

Kiivut           

4 



104 

141 

105 

4 

133 

§ 

Fr.  Webt  Africa  .    .  . 

43 

211 

270 

242 

29 

— 

992 

India  

522 

« 

1i 

11 

H 

11 

If 

1i 

United  States*    . 

.  .       7946 

«j 

« 

V 

n 

1, 

IT 

l! 

*  Estimated    zircon    cuntcnt 
bearing  concentrates, 
t  Estimate. 


of    all    xircon- 


on  a  hot  wire  in  a  hydrogen  atmosphere  it  remained 
for  van  Arkel,  de  Boer  and  Fast,  5'7  to  prepare  the 
first  truly  pure  zirconium  in  history  and  to  determine 
its  properties  at  the  University  of  Leydcn  in  1925. 
Their  original  experiments  were  carried  out  in  small 
evacuated  glass  vessels.  Capacity  of  the  reactors  and 
heat  dissipation  problems  resulting  from  high  current 
demands  limited  their  output  to  about  250  grams 
per  vessel. 

Von  Zeppelin8  in  1940  was  the  first  to  make 
ductile  zirconium  by  magnesium  reduction  of  zir- 
conium tetrachloride.  He  heated  a  mixture  of  sodium 
chloride,  zirconium  chloride,  and  magnesium  turn- 
ings in  a  cast-iron  crucible  suspended  in  a  gas-fired 
furnace.  No  further  progress  was  made  using  the 
magnesium-reduction  process  until  1945  when  per- 
sonnel of  the  Bureau  of  Mines,  Albany,  Oregon, 
began  investigating  the  possibility  of  developing  an 
economical  method  for  producing  the  ductile  metal. 
The  exclusion  of  air  during  the  critical  steps  of  the 
process  made  the  production  of  commercial  quanti- 
ties of  ductile  zirconium  possible. 

Commercial   Production  Methods 

At  present  only  three  methods  appear  to  be  of 
commercial  significance ;  in  order  of  importance  they 
arc:  (1)  the  reduction  of  the  halides  with  sodium, 
calcium,  or  magnesium ;  (2)  the  decomposition  of  the 
halides  on  hot  filaments;  and  (3)  fusion  electrolysis 
of  the  double  fluorides. 

Reduction  of  Halides 

Reduction  of  zirconium  tetrachloride  with  sodium 
and  calcium  has  met  with  varied  success.  To  date,  mag- 
nesium has  proved  most  acceptable.  Details  of  the 
magnesium  reduction  process  as  developed  by  the 
Bureau  of  Mines  and  employed  by  the  Carborundum 
Metals  Company,  Akron,  New  York,  will  be  dis- 
cussed later  in  the  presentation. 

Iodide  Process 

In  1940  the  Foote  Mineral  Company  of  Phila- 
delphia, Pennsylvania,  acquired  the  American  rights 
to  the  patents  of  the  Phillips  Lamp  Works,  Eind- 
hoven, Netherlands,  to  produce  zirconium  metal  by 
the  iodide-decomposition  process.  Although  metal  of 


^Chiefly  baddeleyite. 
^Data  not  available. 
11  Not  available  for  publication. 

extremely  high  purity  is  produced  by  this  method, 
the  process  must  be  considered  as  a  refining  step 
rather  than  a  primary  reduction  method,  since  the 
starting  material  must  be  a  fairly  pure  metal.  The 
original  work  was  carried  out  in  glass  vessels.  Sub- 
sequent adoption  of  metal  reaction  vessels  permitted 
larger  charges,  better  accessibility,  easier  handling, 
and  improved  temperature  control.  Filament  design 
and  shape  were  altered  to  permit  longer  filaments 
with  a  result  that  larger  crystal  bars  were  grown. 
Reaction  temperatures  were  controlled  by  the  regula- 
tion of  filament  current  and  external  heating  or  cool- 
ing in  a  thermostatically  controlled  salt  bath.  One 
of  the  major  problems  encountered  in  going  to 
large  size  was  that  of  fastening  filaments  to  elec- 
trodes. The  cooling  effect  of  large  clamps  on  small 
filament  wires  caused  cooling  and  slowing  down  of 
the  deposition  rate.  High  current  demands  caused 
the  filaments  to  melt  when  they  were  smaller  than 
the  larger  areas  containing  the  deposits.  This  diffi- 
culty was  overcome  by  several  ingenious  devices, 
such  as  tapered  electrode  holders,  and  in  the  later 
Westinghouse  Electric  Corporation  development  did 
not  pose  an  insurmountable  problem. 

The  over-all  efficiency  of  the  operation  is  said  to 
be  about  95  per  cent  although  only  8  or  10  per  cent 
of  the  zirconium  charged  is  consumed  by  a  single 
run.  The  balance  remaining  in  the  vessel  is  washed 
and  screened  to  remove  fines  and  then  charged 
back  into  the  reactor. 

The  purity  of  the  final  as-deposited  rods  depends 
on  the  removal  of  all  contaminating  gases  from  the 
system  and  the  purity  of  the  starting  materials. 

The  most  important  property  of  the  crystal  bar 
zirconium  and  the  one  which  is  proclaimed  most 
widely  is  the  purity  of  the  final  product  which  is 
reported  to  be  as  follows: 


Element 

Silicon 

Iron 

Aluminum 

Titanium 

Calcium 

Manganese 

Copper 


ppm 
30 

200 
30 
10 
50 
10 
55 


Element 
Magnesium 
Lead 
Nickel 
Chromium 
Nitrogen 
Oxygen 


ppm 

10 
10 
30 
30 
10 
200 
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ANNEALING  TEMPERATURE,  °C. 


Figure  1.  Effect  of  cold  work  and  annealing  temperature  on  the  tensile  properties  of 
arc-melted  Kroll-process  zirconium 


This  analysis  is  not  final,  however,  since  the  bars 
require  melting  before  they  can  be  made  into  useful 
shapes.  Melting  invariably  is  a  major  source  of 
contamination,  and  the  ingots  melted  from  crystal 
bar  usually  have  analyses  similar  to  ingots  prepared 
from  sponge. 

The  greatest  deterrent  to  the  process  as  it  is  used 
today  is  the  necessity  of  using  magnesium-reduced 
sponge  as  a  feed,  which  prevents  the  two  products 
from  competing  on  a  cost  basis.  Thus  the  only  hope 
for  crystal  bar  to  compete  with  sponge  hinges  on 
the  development  of  a  cheap  feed  material.  The  most 
likely  source  is  an  impure  metal  produced  by  the 
reduction  of  the  oxide  by  calcium.  Although  the 
metal  thus  produced  is  not  ductile,  it  is  said  to  be 
suitable  for  cell  feed.  The  most  attractive  feature  of 
this  method  is  the  direct  reduction  of  the  oxide,  which 
is  the  form  resulting  from  hafnium  purification. 

Electrolysis 

Although  the  electrolysis  of  aqueous  solutions  has 
never  been  attractive,  the  electrolysis  of  zirconium 
compounds  in  fused  salt  baths  has  produced  small 
quantities  of  the  metal.  Troost2  and  Harden  and 
Rich4  studied  the  process,  and  Driggs  and  Lillen- 
dahl9  patented  a  process  for  the  electrolysis  of 
fluoride  baths.  Kroll  10  ct  at.  and  Steinberg,  Sibert, 
and  Wainer11  have  made  additional  investigations 
which  resulted  in  the  production  of  small  quantities 
of  good  grade  metal. 

The  investigators  followed  three  main  patterns  in 
their  studies:  (1)  fused  baths  of  alkali  chlorides  and 
potassium  fluozirconate ;  (2)  fused  baths  of  alkali 
chlorides  containing  zirconium  chloride;  (3)  fused 
baths  of  alkaline  earth  chlorides  containing  potassium 
fluozirconate. 

Horizons,  Inc.  reports  that  ductile  zirconium  was 
obtained  by  electrolysis  of  fluozirconate  at  operating 
temperatures  of  800-850° C.  The  metal  had  a  hard- 
ness of  Rockwell  (RA)  47  to  (RA)  51,  or  Brinell 
145-170.  The  oxygen  content  was  given  as  0.03  to 
0.07  per  cent;  carbon  content  as  0.02  to  0.035  per 


cent ;  and  nitrogen  as  about  0.0035  per  cent  or  less. 
The  electrolysis  of  fused  salts  shows  promise  as  a 
commercial  method  for  producing  zirconium.  As 
yet  it  has  not  passed  tlv  pilot  plant  stage.  One  of  the 
major  deterrents  to  its  success  is  the  necessity  for 
leaching  the  mixed  salt-metal  product,  with  the 
inevitable  danger  of  oxygen  contamination. 

Other  Methods 

Although  calcium  has  been  shown  to  be  one  of 
the  most  favorable  reducing  agents  for  zirconium 
oxide,  no  commercial  method  for  the  production  of 
significant  amounts  of  pure  metal  has  been  developed. 

Kelley12  states  that  the  effectiveness  of  lithium, 
sodium,  magnesium  and  calcium  in  removing  oxygen 
from  zirconium  depends  directly  upon  the  free 
energies  of  formation  of  their  oxides.  The  effective- 
ness of  the  metals  at  various  temperatures  is  shown 
in  the  following  tabulation. 


Free  energies  of  formation  (kcal) 


500 

800 
1000 
1200 
1400 
1600 
1800 
2000 


Na20 
—83.0 
—72.4 
—65.5 
—58.2 
—45.1 
—32.2 
—19.6 
—  7.2 


Li20 
—127.7 
—117.3 
—110.2 
—102.9 

—  95.7 

—  92.0 


-130.9 
-123.1 
-117.7 
-112.1 
-106.4 
-96.3 

-  86.3 

-  76,4 


CaO 
—138.2 
—130.9 
—126.0 
—121.1 
—115.8 
—110.7 
—104.8 
—  95.6 


ZrO2 
—119.2 

-112.5 
—108.0 
—103.6 

—  99.1 

—  94.8 

—  90.5 

—  86.2 


The  reaction  ZrO2  +  2  Ca  =  ZR  +  2  CaO  A/f2o* 
—  —  45,000  cal  is  highly  exothermic  and  the  rate 
of  reaction  is  controlled  by  the  addition  of  CaCU  to 
the  charge.  Kalish13  states  that  this  method  is  used  to 
produce  fine  powder  for  powder  metallurgy,  radio- 
tube  getters,  and  flash  powder.  The  charge  contains 
from  20  to  100  per  cent  excess  calcium.  Specially 
prepared,  high-purity  calcium  chloride  is  added  as 
a  moderator  to  control  the  violence  of  the  reaction 
and  to  protect  the  walls  of  the  reaction  vessel.  The 
reduction  is  initiated  by  heating  the  charge  to  about 
1000°  C. 

Although  usually  classified  as  a  bomb  reaction, 
the  process  may  be  carried  out  in  an  open  vessel. 
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VROOM    100         200      '  300        400         500 
TESTING    TEMPERATURE,  "C 

Figure  2.  Effect  of  temperature  on  the  tensile  properties  of 
are-melted  Kroll-process  zirconium 

Protection  from  atmospheric  contamination  is  man- 
datory. The  reaction  mass  is  crushed,  leached  with 
dilute  acid,  rinsed  with  water,  and  dried  carefully. 
The  presence  of  substantial  amounts  of  oxygen  in  the 
leached  powder  is  attributed  to  oxygen  pickup  dur- 
ing the  leaching  and  drying  cycle.  The  oxygen  con- 
tent varies  from  0.3  to  1.0  per  cent.  Nitrogen  con- 
tamination is  another  serious  drawback  to  this 
method.  The  nitrogen  is  introduced  by  the  calcium, 
and  the  necessity  for  high-purity  calcium  is  one  of 
the  major  disadvantages  of  the  process. 

Lilliendahl,  et  a/.,14  in  a  search  for  an  analytical 
method  for  determining  oxygen  in  zirconium,  showed 
that  oxygen  could  be  removed  by  heating  the  metal  in 
a  bath  of  molten  calcium.  Preliminary  work  at  the 
Bureau  of  Mines,  has  demonstrated  that  substantial 
amounts  of  oxygen  can  be  removed  from  machine 
chips  and  turnings  by  exposing  them  to  calcium 
vapor.  The  resulting  CaO  is  removed  by  leaching  in 
dilute  HC1.  It  is  believed  that  a  process  can  be 
developed  for  the  reclamation  of  industrial  scrap 
that  will  be  of  material  value  in  cutting  down  scrap 
loss. 

To  date,  the  production  capacity  of  all  the  methods 
discussed  has  been  limited  by  the  necessity  of  batch 
operation.  Until  some  innovation  is  realized  whereby 
a  continuous  production  can  be  accomplished,  the 
metal  will  remain  as  an  expensive  material.  Two 
methods  have  been  suggested  for  continuous  opera- 
tion. In  1949  the  National  Research  Corporation  con- 
ducted extensive  research  on  the  decomposition  of 
ZrI4  in  an  electric  arc  with  the  reduced  metal  being 
collected  in  a  molten  pool  of  zirconium.  The  ingot 
was  withdrawn  as  it  grew.  Conversion  rates  generally 
were  low.  Appreciable  contamination  was  en- 
countered due  to  corrosion  of  the  reaction  vessel  and 
the  problem  of  iodine  and  excess  iodide  recovery 
were  difficult  to  solve.  The  process  never  reached 
a  commercial  stage. 

Attempts  to  deposit  metal  from  a  stream  of 
zirconium  tetra-iodide  on  an  inductively  heated 
revolving  disc  were  made  by  the  Massachusetts 
Institute  of  Technology  metallurgical  project.  Low 


efficiencies  and  operating  difficulties  prevented  the 
construction  of  pilot  plant  size  equipment. 

PROPERTIES  OF  ZIRCONIUM 

Zirconium  with  its  transparency  to  low  speed  neu- 
trons coupled  with  its  high  resistance  to  corrosion  at 
medium  temperatures  has  found  its  greatest  use  in 
the  construction  of  nuclear  reactors.  This  field  of  use 
has  dominated  the  output  of  high-purity  zirconium 
almost  completely,  resulting  in  very  little  metal  being 
used  for  other  purposes.  The  emphasis  placed  on 
zirconium  for  use  in  nuclear-powered  engines  has 
precipitated,  in  a  relatively  short  period  of  time,  an 
abundant  amount  of  research  and  investigation. 
Many  of  the  more  common  properties  and  physical 
constants  are  available,  some  of  which  are  listed 
below : 

Atomic  number:  40lfi 
Atomic  weight:  91.22ir> 
Atomic  radius:  zero  charge  1.60,  1.62 A;   +4  charge  0.80, 

0.89A™ 

Density:  6.499  grams  per  cc  at  26.4°Cie 
Crystal  structure:  alpha-hexagonal  close  packed  and  beta- 
body  centered  cubic17 

Alpha  to  beta  transformation  temperature:  865 °C17-19 
Melting  point :  1860°C20,2i 

1845°Ci» 

Boiling  point :  over  2900°C22 
Coefficient  of  thermal  expansion:  4.9  X  10-°/°C19 
Thermal  conductivity:  0.040  cal/°C/cm/sec23 
Thermal  capacity :  C?,  0.069  cal/gm/°C  (25  to  100°C)19 
Entropy :  0,18  ±  0.08  cal/mole°K  A  +  25°C24 
Enthalpy:  5.0  cal/gm  at  100°C,  12.0  cal/gm  at  200°C,  19.2 
cal/gm  at  300°C,  26.9  cal/gm  at  400°C,  35.0  cal/gnr  at 
500'C,  43.5  cal/gm  at  600°C2* 
Vapor  pressure :  0.01  mm.  Hg  at  2000°C,  and  900  mm  Hg 

at  3600°C2« 

Resistivity:  39.7  microhm  cm  (20°C)19 
Temperature  coefficient  of  resistivity:  0.0044/°C  (20°C)26.27 
Pressure  coefficient  of  resistivity : 
bp/p  =  0.431  X  10->  +  6.7  X  10-M/>*  at  30°  C 
bp/p  =  0.601  X  10-V  +  5.8  X  KHV  at  75'CT 
Electrochemical   equivalent   for  valence  of  4:  0.2363  mg/ 

coulomb28 

Hardness:  Brinell  125-145  arc  cast  Kroll  process   (unpub- 
lished data,  Bureau  of  Mines,  Albany,  Oregon) 
Tensile  strength:  50,000  psi,  annealed  sheet  Kroll  process29 
Yield  strength :  0.2%  offset  30,000  psi,  annealed  sheet  Kroll 

process29 

Proportional  limit :  17,000  psi,  annealed  sheet  Kroll  process29 
Young's  modulus :  13.5  X  10°  psi,  annealed  sheet  Kroll  proc- 
ess29 

Elongation  in  2  in. :  34  per  cent,  annealed  sheet  Kroll  proc- 
ess29 

Tensile  and  Impact  Properties 

Tensile  Properties  of  Cold  Rolled  and  Annealed 
Sheet 

Cold  working  of  zirconium  results  in  increasing 
the  ultimate  strength,  yield  strength,  and  proportional 
limit  values  along  with  the  hardness.  Figure  1  shows 
the  variation  in  hardness,  ultimate  strength,  yield 
strength,  proportional  limit,  and  elongation  of  Kroll 
process  zirconium  with  increase  in  cold  work  and 
annealing  temperatures.  Over  90  per  cent  of  the 
increase  in  hardness  and  strength,  due  to  work 
hardening,  occurs  between  0  and  10  per  cent  cold 
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Figure  3.  Effect  of  temperature  on  the  impact-ftrength 
of  zirconium 

work,  as  shown  by  the  hardness,  strength,  and 
elongation  curves.  Young's  modulus  is  not  affected 
appreciably  by  cold  working. 

Annealing  of  zirconium  at  increasing  temperatures 
results  in  a  gradual  decrease  in  ultimate  and  yield 
strengths.  Elongation  values  change  gradually  up  to 
500°C. 

Tensile  Properties  at  Elevated  Temperatures 

The  ultimate  strength  of  zirconium,  as  shown  in 
Fig.  2,  decreases  from  49,000  psi  at  room  tempera- 
ture to  J1300  psi  at  500°  C,  and  the  yield  strength  at 
0.2  per  cent  offset  decreases  at  nearly  a  constant 
rate  from  29,200  psi  at  room  temperature  to  7800 
psi  at  400°  C.  The  proportional  limit  shows  a  curve 
similar  to  the  yield  strngth,  decreasing  from  16,500 
psi  at  room  temperature  to  4900  psi  at  400°  C  and 
4400  psi  at  500°  C.  The  elongation  values  increased 
from  34  per  cent  at  room  temperature  to  100  per 
cent  elongation  at  500°C. 

"V"  Notch  Charpy  Impact  Values 

Figure  3  shows  the  effect  of  temperature  on  the 
notched  bar  impact  value  of  three  different  types  of 
zirconium. 

The  impact  values  shown  for  arc-melted  Kroll- 
process  zirconium  are  a  distinct  improvement  over 
the  values  of  graphite-melted  material  of  Hayes, 
Billing,  and  Roberson,80  This  undoubtedly  is  due  to 
the  increased  purity  of  the  arc-melted  material  and 
probably  is  dependent  partially  on  its  lower  carbon 
content.  Arc-melted  Kroll-process  zirconium  has 
impact  values  considerably  lower  than  crystal-bar 
zirconium  reported  by  Mudge,81  and  could  be  ac- 
counted for  by  a  difference  in  hydrogen  content. 
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Figure  4.  Effect  of  oxygen  on  hardness  and  yield  strength 
of  zirconium 

Hardness 

The  hardness  of  crystal  bar  metal  as  deposited 
runs  25-30  RB  (65-70  Brinell  500  kg),  while  the 
Kroll-process  zirconium,  as  presently  produced,  has  a 
hardness  of  RB  77-SO  (Brinell  140-150,  3000  kg). 

The  curves  of  hardness  vs  oxygen  content  are 
shown  in  Fig.  4.  The  hardness  is  seen  to  increase 
rapidly  at  the  low  percentages  and  to  continue  to 
increase,  but  at  a  slower  rate,  as  the  oxygen  additons 
increase. 

Nitrogen  has  the  same  general  effect  as  oxygen. 
The  hardness  increases  rapidly  with  the  increase  in 
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nitrogen  content.  A  given  amount  of  nitrogen  is 
more  effective  in  increasing  the  hardness  than  an 
equal  amount  of  oxygen,  but  in  general  the  use  of 
this  element  to  increase  the  hardness  is  not  to  be 
recommended,  since  the  resistance  to  oxidation  and 
corrosion  is  impaired  rapidly. 

The  effect  of  annealing  temperature  and  cold  work 
on  the  hardness  of  Kroll-process  zirconium  is  shown 
in  Fig.  1. 

Zirconium  hardens  rapidly  when  cold  worked, 
especially  during  the  first  10  per  cent  of  cold  work 
where  90  per  cent  of  the  work  hardening  is  effected. 
Examination  of  the  curves  of  Fig.  5  shows  that 
zirconium  has  an  abnormal  drop  in  hardness  at 
relatively  low  temperatures.  The  Brinell  number  is 
halved  upon  heating  zirconium  to  300°  C. 

Creep 

Brunstetter  and  Alexander32  evaluated  the  creep 
characteristics  of  vacuum  annealed  crystal  bar  zir- 
conium at  room  temperature  (25°C)  and  at  200°C. 
A  stress  of  50,000  psi  will  produce  a  minimum  creep 
rate  of  1  per  cent  in  1000  hours  at  room  tempera- 
ture. This  compares  favorably  with  that  of  low 
carbon  steel  at  room  temperature.  At  200° C,  however, 
the  creep  strength  drops  to  half  of  the  room  tempera- 
ture value  while  the  creep  strength  of  low  carbon 
steel  remains  practically  the  same.  The  rapid  loss 
of  creep  strength  indicates  that  the  pure  zirconium 
metal  will  not  be  a  useful  structural  material  for 
high  temperatures  even  though  it  has  a  high  melting 
point. 

Elastic  Properties  and   their  Anisotropy 
Compressibility 

Zirconium  is  one  of  the  more  incompressible  sub- 
stances. Tn  two  determinations  of  volume  decrement 
at  10,000  kg/cm2,  Bridgman33  obtained  values  of 
0.0103  and  0.0111. 

Young's  Modulus 

Young's  modulus  has  been  reported  to  be  11.3  it 
2.3  X  10°  psi  for  annealed  or  as-deposited  iodide 
material  by  Boulger.34  Reynolds,35  using  the  ultra- 
sonic pulse  technique,  has  measured  Young's  modulus 
on  both  Bureau-of-Mincs  and  crystal-bar  material. 
The  values  obtained  by  him  for  annealed  material 
are  13.9  X  10°  psi  for  Burcau-of-Mines  zirconium, 
and  12.8  X  106  psi  for  crystal-bar. 

Poisson's  Ratio 

The  determinations  of  Poisson's  ratio  for  both 
Bureau-of-Mines  zirconium,  and  crystal-bar  zir- 
conium have  been  carried  out  by  Reynolds.35  He 
reports  values  of  0.33  and  0.35. 

Shear  Modulus 

For  values  of  the  modulus  of  shear,  Reynolds,85 
reported  values  5.24  X  106  psi  for  Bureau-of-Mines 
material  and  4.76  X  106  psi  for  crystal-bar  zirconium. 


Crystal  Structure  and  Crystallography 

of  Transformation 
Crystal  Structure — Alpha  and  Beta 

The  structure  of  zirconium  as  being  a  hexagonal 
system  was  established  by  Hull36  in  1921.  Zwikkcr,87 
using  electrical  resistivity  measurements,  found 
evidence  of  a  high-temperature  phase.  This  was 
identified  as  a  body-centered  cubic  structure  with 
a0  equal  to  3.61  kX  units  at  867° C  by  Burgers.38 
Precision  determinations  of  the  lattice  parameters  of 
the  low  temperature  phase  have  been  made  on 
high-purity  crystal-bar  zirconium  by  Treco.30  He 
reports  the  following  data: 

fl0  3.2256  ±  0.00014  kX  units 
c0  5.1370  ±  0.00036  kX  units 
c/a  1.5926 

Miscellaneous  Properties 
Magnetic  Susceptibility 

Zirconium  is  paramagnetic  in  both  its  allotropic 
forms?. 

Emissivity 

The  coefficients  of  spectral  emission  as  reported 
by  de  Boer20  are: 

c      red  (0.652)  =  0.48  under  1500°K 

€      red  (0.652)  =  0.43  above  1500°K 

e  green  (0.541)  =  0.50  under  1500°K 

£  green  (0.541)  =  0.46  above  1500°K 

Photoelectric  Properties 

The  photoelectric  threshold  of  pure  zirconium  as 
measured  by  Rentschler  and  Henry48  is  about  3150  A. 
From  this  wavelength  the  photoelectric  work  function 
is  found  to  be  3.9  ev.  They  also  showed  that  the 
work  function  could  be  lowered  by  contamination 
with  oxygen,  nitrogen  and  hydrogen. 

Corrosion   Resistance  of  Zirconium 

One  of  the  outstanding  properties  of  zirconium 
is  its  excellent  corrosion  resistance  to  many  chemical 
corrosives.  Among  the  more-or-less  special  metals, 
the  corrosion  resistance  to  acids  and  other  aqueous 
metals  is  roughly  in  the  order :  tantalum,  zirconium, 
niobium,  titanium,  tungsten,  and  molybdenum. 

Corrosion  of  Zirconium  in  Liquids 

Table  II  shows  a  comparison  of  the  corrosion 
properties  of  zirconium,  titanium,  arid  tantalum.  This 
table  was  compiled  by  Wick41  from  studies  made  by 
Golden  of  the  Bureau  of  Mines  at  College  Park, 
Maryland,  and  others. 

Golden42  has  shown  that  zirconium  was  fully 
resistant  to  attack  at  temperatures  up  to  100° C  by 
the  following  solutions: 

Solution  Per  cent 

Stannic  chloride  24 

Manganous  chloride  20 

Nickel  chloride  20 

Sodium  chloride  Saturated  solution 

Ammonium  chloride  Saturated  solution 
Calcium  chloride  25 

Barium  chloride  20 

Zinc  chloride  20 

Aluminum  chloride  25 
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Substitute  Ocean  Water 

Golden's42  work  also  has  indicated  that  tests  at 
35°C  showed  zirconium  to  be  completely  resistant 
in  substitute  ocean  water.  Other  tests,  which  also 
exposed  zirconium  to  30-day  ocean-water  tests, 
showed  no  corrosion.  Other  sea-water  tests  at  Kure 
Beach,  North  Carolina,  have  shown  no  corrosion 
effects  after  several  years'  exposure. 

Tests  performed  on  actual  sea  water  at  the  US 
Naval  Experiment  Station,  Annapolis,  Maryland, 
confirmed  these  results  closely. 

Organic  Acids 

Golden's42  corrosion  tests  up  to  100°C  in  the  fol- 
lowing organic  acids  at  the  concentrations  indicated 
showed  that  zirconium  was  resistant  almost  com- 
pletely to  attack  in  all  these  acids  except  di-  and  tri- 
chloroacetic  acids  at  boiling  temperatures.  Oxalic 
acid  showed  slight  attack  on  zirconium.  Zirconium 
was  corrosion  resistant  to  the  following  acids  at 
room  temperature : 


Organic  acids 

Per  cent 

Organic  adds 

Per  cent 

Formic  acid 

10-90% 

Lactic  acid 

10-85 

Acetic 

5-99.5 

Tannic  acid 

25 

Monochloroacetic 

100 

Oxalic  acid 

0.5-25 

Dichloroaoctic 

100 

Tartaric  acid 

10-50 

Tricliloroacrtic 

mo 

Citric  acid 

10-50 

Organic  Compounds 

Golden's42  work  also  includes  corrosion  results  of 
zirconium  in  several  organic  compounds  as  follows: 


Compound 
Chloroform 
Kthylencdichloride 
Trichlorocthylenc 
Tctrachloroethylcne 
Tetrachloroethane 
Aniline 
hydrochloride 


Corrosion  resistance      effect  on 

— decom. 

Temperatures  Liquid  zone    Vapor  zone  position 

Boiling  Complete  Complete  None 

Boiling  Complete  Complete  None 

Boiling  Complete  Complete  None 

Boiling  Complete  Complete  None 

Boiling  Complete  Complete  None 

Boiling     Complete     Complete     None 


Anhydrous  hydrazine :  Zirconium  was  found  to  be 
completely  resistant  to  95  per  cent  solutions  of  an- 
hydrous hydrazirie43  at  room  temperatures. 

USE  OF  ZIRCONIUM 

Zirconium  shows  promise  of  becoming  otic  of  the 
most  versatile  of  metals.  This  versatility  stems  from 
its  physical,  chemical,  and  nuclear  properties,  the 
combination  of  which  are  not  matched  by  any  other 
metal.  It  is  of  interest  particularly  in  the  nucleonic 


Figure  6.  Zirconium   pH  electrode  assembly  fabricated  to  replace 
one  shown  in  Fig.  7  support  rods  were  in  use  10  months 


Figure  7.  Type   316   stainless    steel    pH    electrode   assembly   after 

10  months'  service  in  zirconium  phthalate  slurry;  rods  supporting 

bottom  guard  are  new 

field  where  its  prominence  has  been  displayed  quite 
forcibly. 

Nuclear  Reactors 

Little  has  been  reported  about  the  atomic  or 
nuclear  uses  of  ductile  zirconium  because  of  the  cur- 
tain of  secrecy  that  surrounds  all  work  of  this  type. 
However,  recent  information  in  the  literature  cites 
the  reasons  for  the  nuclear  interest  in  zirconium. 

Miller44  states,  "The  properties  of  zirconium 
make  it  particularly  useful  in  thermal  reactors,  espe- 
cially if  they  are  to  be  used  for  power  production, 
where  neutron  economy  and  regeneration  of  fuel  are 
important."  He  states  further,  "In  addition  to  a  low 
neutron-absorption  cross  section,  other  stringent  de- 
mands are  placed  on  structural  materials  and  com- 
ponents in  power  reactor  systems.  These  include: 

(1)  mechanical    strength   and   stability   under   the 
severe  stresses  resulting  from  high  thermal  gradients ; 

(2)  leak-tight  reliability  in  high-temperature,  high 
pressure,  corrosive,  dynamic,  and  radioactive  cooling 
systems;    (3)    resistance  to  mechanical  damage  by 
radiation;    (4)    limited    formation   of   high-activity 
products  by  nuclear  reactions;  and  (5)  adaptability 
to  simple  remote  maintenance  and  repair/* 

Xinn4B  mentions  beryllium,  graphite,  and  zirconi- 
um as  possible  materials  of  construction  for  nuclear 
power  stations  and  notes  importance  of  full  utiliza- 
tion of  fuel  through  use  of  low-cross-section  ma- 
terials. Zirconium's  transparency  to  neutrons  is 
responsible  for  the  important  role  the  metal  is  play- 
ing in  Westinghouse  Electric  Corporation's  sub- 
marine nuclear  reactor  and  in  other  water-cooled 
reactors  of  this  type. 

Sailer46  states,  "At  the  present  time,  zirconium 
with  its  low  thermal  cross  section,  excellent  cor- 
rosion resistance,  good  mechanical  properties,  and 
good  fabricating  qualities  is  the  leading  cladding  and 
structural  material  for  thermal  reactors." 

Chemical  Equipment 

Throughout  the  various  processing  steps  necessary 
to  the  production  of  zirconium,  there  arc  many  cor- 
rosive atmospheres,  solutions,  and  conditions  that 
defy  the  usual  or  normal  materials  of  construction 
and  make  the  Kroll  process  a  useful  proving  ground 
for  practical  applications  of  zirconium. 
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Table  II.  Comparison  of  Corrosion  Properties  of  Zirconium,  Titanium  and  Tantalum* 

Zirconium 

Titanium 

Tantalum 

Acetic  acid 

5%,  99.5%' 
140°,  212°F« 
Excellent 

5%,  10%" 
68°F 
Excellent 

All  %» 
68-735°F 
Excellent 

Aluminum  chloride 

20%,  30% 
Room-boiling  temp. 
Excellent 

10%i° 
95%,  212°F 
Excellent 

Ammonium  hydroxide 

28%* 
Room-212°F 
Excellent 

28%19 
Room  temp. 
Excellent 

Aqua  regia 

65-UO°Fi 
Poor 

65-140°Fi 
Excellent 

6S-140°Fi 
Excellent 

Calcium  chloride 

20%,  30%,  50%" 
68°,  120°,  212°F 
Excellent 

10%,  25%9 
95°,  212°F 
Excellent 

Chlorine-saturated  H2O 

Room  temp.9 
Excellent 

Room  temp.9 
Excellent 

H8O-saturated  chlorine 

Room  temp.9 
Poor 

Room  temp.9 
Excellent 

Citric  acid 

10%2 
Room-212°F 
Excellent 

Cupric  chloride 

1-25%* 
9S°F 
Poor 

1-15%8 
95°F 
Excellent 

Chromic  acid 

10%,  20%,  30%«° 
68°,  120°,  212°F 
Excellent 

10%" 
Boiling 
Good 

Phosphoric  acid 

10-85%«,V 
Room—  212°F* 
Excellent  to  fair 

1-85%8,M1 
65-2  12°F 
Excellent  in  dil.  at 
room-otherwise  poor 

85%V 
290-410°F 
Excellent 

Sodium  chloride 

3%V 
95°F 
Excellent 

3%6 
95°F 
Excellent 

Sodium  hydroxide 

10%,  50%" 
Room-212°F3 
Excellent 

10%,  40%"," 
l75°F-boiling 
Good 

5%,  40%2 
212°,  230°F 
40%-—  Poor 

Sulfuric  acid 

10-96%W 
65-212°F3 

Excellent  in  dilute 
Poor  in  hot  cone. 

5-65%19,1,s 
65-95°Fio,« 
Dilute-good11 
Cone.  —  Poor 

20%-conc.1!2 
65-570°F 
Excellent 

Tartaric  acid 

10%,  25%,  50%*o 
68°,  120°F-boiling 
Excellent 

50%9 
95°F 
Excellent 

Methyl  alcohol 

99%ia 
Boiling 
Excellent 

Ethyl  alcohol 

95%« 
Boiling 
Excellent 

95%« 
Boiling 
Excellent 

Carbon  tetrachloride 

100%" 
Room  temi>-1200F 
Excellent 

1-99%" 
Boiling 
Excellent 

(Continued  on  next  page) 
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Table  II.  (Continued) 

Firconium 

Titanium 

Tantalum 

Tannic  acid 

10%20 

Room  temp-boiling 
Excellent 

25%« 
95°F 
Excellent 

Ferric  chloride 

2.5-30%* 
65-2  12°F* 
Poors 

1-20%« 
65-2  12°F10 
Excellent1 

5-30%18 
eS^-boiling1  ^ 
Excellent 

Formic  acid 

90%V° 
68°,  120°F-boiling 
Excellent 

25-90%1»,« 
95°F-boiling 
Excellent 

90%^ 
212°F 
Excellent 

Hydrochloric  acid 

Dilute—excellent  at 
all  temps.1,2 
Cone,  at  room-exc. 
Cone,  at  boiling- 
poor8 

5%-conc.1,8,* 
95-212°F1M8 
Poor 

19%-conc.1,2 
65-212°F 
Excellent 

Lactic  acid 

5-85  %* 
Boiling 
Excellent 

85%« 
95°F-boiling 
Excellent 

Mercuric  chloride 

1%  saturated5 
95-212°F7 
Excellent2 

1  %  saturated 
95-212°F1° 
Excellent 

Saturated 
at  212°F7 
Excellent 

Nitric  acid 

10%  conc.V 
65-212TV2 
Excellent6 

5%  cone.1,8 
95-2120F",f 
Good",1' 

Conc.1^ 
65-1  85°F 
Excellent 

Oxalic  acid 

1-25  %V,2 
2120F* 
Excellent 

l-25%« 
95°,  212°F 
Poor 

Saturated2 
Room-205°F 
Excellent 

Phenol  (carbolic  acid) 

25%,  50%,  100%20 
68°,  120°F-boiling 
Excellent 

Saturated2 
Room  temp. 
Excellent 

Potassium  hydroxide 

10%,  20%,  30% 
40%2;  Room-212°F20 
Excellent 

230  °F2 
5%  —  excellent 
40%—  poor 

White  fuming  nitric  acid 

Room  temp.-160°F 
Good20 

Room  temp.-160°F 
Excellent 

Red  fuming  nitric  acid 

Room  temp.-160°F 
Poor2i 

Room  temp.-160°F 
Excellent 

Monochloroacetic 

100%4 
Boiling 
Excellent 

100%-boiling4 
Excellent 

Hydrogen  peroxide 

10%t2° 
120°F 
Excellent 

Room  temp.-30%12 
C.P.-poor 
A.C.S.-excellent 

Ammonium  sulfate 

Saturatedf 
120°F 
Excellent 

Aluminum  sulfate 

10,  30%|20 
Boiling 
Excellent 

*The  tabulated  data  include  solution  concen- 
tration in  per  cent,  temperatures  in  degrees  F, 
and  resistance  to  attack  graded  as  follows: 
Excellent — Less  than  0.0005  in.  penetration  per 
year ;  Good— 0.0005  to  0.005  in.  penetration  per 
year;  Fair— 0.005  to  0.010  in.  penetration  per 


year ;  and  Poor — More  than  0.010  in.  penetra- 
tion per  year. 

tComplete  corrosion  tests  currently  being 
conducted  in  TAM  Laboratory  along  ^with  cor- 
rosion tests  on  acetone  and  stearic  acid. 
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Figure  8.  Exploded   view  of  steam   jet  showing   integral   parts  of 
ejector;  all  are  made  of  zirconium,  except  handwheel 


Figure  11.  (left)  plastic-coated  steel  exhaust  fan  that  failed  after 

8    months    exhausting    hydrochloric    acid    fumes    from    feed    filter 

press,  (right)  zirconium  replacement  fan,  which  now  has  10  months' 

service  without  visible  deterioration 


Figure  9.  Zirconium  thermowell  used  in  feed-makeup  tank 


Figure   12.  Zirconium    mechanical   seal   shown    on 
shaft  of  rotating  element 


Figure  10.  Zirconium  hub  for  wood  agitator 


Figure   13.   Exploded  •  W  of  a  zirconium   mechanical  seal.  (From 

left  to  right:   rubber  "O"  ring,  graphite  rub  ring,  zirconium  rub 

plate,  teflon   seal,  zirconium  pressure  plate,  zirconium  spring,  and 

zirconium  driving   plate.) 
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In  the  past,  ordinary  steel  construction  was  em- 
ployed to  expedite  the  fabrication  of  equipment 
needed  to  meet  immediate  production  demands.  In 
other  instances,  the  finest  material  available  was 
employed  to  meet  definite  conditions,  with  the 
knowledge  that  failure  sometimes  was  inevitable 
over  a  period  of  time,  in  spite  of  careful  selection. 

Zirconium  metal  has  been  used  with  a  high  degree 
of  success  in  solving  these  problems.  This  section 
describes  those  applications  but  does  not  attempt  to 
evaluate  the  corrosion  rates  in  the  usual  finite  terms 
of  a  corrosion  expert. 

Zirconium-Lined  Tank 

A  tank  was  designed  to  handle  residues  resulting 
from  the  purification  and  reduction  of  zirconium.  It 
was  believed  that  a  glass-lined  tank  would  be  un- 
suitable for  this  purpose  because  of  the  abrasive 
qualities  of  the  slurries  to  be  handled.  After  3-months' 
use  in  zirconium  phthalate  solutions,  no  evidence  of 
corrosion  was  noted. 

pH-Electrode  Assembly 

The  assembly  shown  in  Fig.  6  was  fabricated 
from  ingot  zirconium  to  replace  a  standard  type 
316  stainless  steel  unit  (Fig.  7),  which  failed  after 
ID-months'  service.  This  device  is  suspended  in  a 
weir  box  leading  to  a  rubber-covered  rotary  vacuum 
filter.  In  normal  operation,  about  half  of  the  elec- 
trodes are  submerged  in  the  zirconium  phthalate 
solution  described  in  the  previous  application. 

Steam-Jet  Exhauster 

This  exhauster  was  fabricated  to  replace  a  10- 
stage  blower  which  could  not  be  kept  in  serviceable 
condition,  requiring  overhaul  at  10-day  intervals.  The 
impellers  of  this  blower  were  type  316  stainless  steel 
and  the  housing  was  cast  iron.  Fumes  entering  the 
blower  had  been  passed  through  a  scrubbing  tower 
and  a  second  trap  containing  iron  turnings  to  remove 
the  hydrochloric  acid. 

The  steam  jet  pictured  in  Fig.  8  was  put  into  use 
ou  February  1,  1953,  and  is  still  giving  trouble-free 
performance.  ^ 

Zirconium  Thermowell 

Two  thermowells  were  fabricated  of  tubing  and 
sheet  zirconium  for  use  in  the  zirconium  chloride 
feed-solution  make-up  tanks.  These  replaced  glass- 
covered  thermowells.  The  tube  shown  in  Fig.  9  has 
had  20  months  in  this  service.  A  second  unit  has 
about  the  same  length  of  service,  7  months  in  zir- 
conium phthalate  solutions. 

Agitator  Hub 

The  zirconium  hub  shown  in  Fig.  10  was  fabri- 
cated from  two  ingots  and  a  disk.  This  hub  now  has 
had  about  2  years'  service. 

Exhaust  Fan 

A  zirconium  fan  was  fabricated  to  replace  a 
plastic-coated  fan  that  failed  after  8-monthsf  use. 


This  fan  exhausts  hydrochloric  acid  fumes  from  a 
feed  filter  press.  The  zirconium  unit  shown  in  Fig. 
11  has  had  about  10-months'  service  without  visible 
signs  of  corrosion. 

Mechanical  Seal 

A  mechanical  seal  was  fabricated  for  use  on  cen- 
trifugal pumps.  Several  good  seals  arc  available  but 
none  of  them  is  easily  adapted  »to  pumps  made  of 
high-silicon  cast  iron,  since  they  require  that  the 
inside  surface  of  the  packing  glands  of  the  pumps  be 
machined  by  grinding  to  attain  a  suitable  fit  or 
surface. 

The  first  seal,  shown  in  Figs.  12  and  13,  was  put 
into  use  on  February  17,  1953,  and  now  has  had 
2  years  of  satisfactory  service.  About  15  of  these  are 
now  in  use. 

Globe  Valve 

A  zirconium  globe  valve  (Fig.  14)  is  used  to 
regulate  the  flow  of  gas  being  evacuated  from  fur- 
naces in  the  reduction  unit.  The  fumes  are  essen- 
tially hydrochloric  acid.  Length  of  service  is  esti- 
mated at  2  years. 

Zirconium  Pipe  Fittings 

Zirconium  pipe  fittings  and  flanges  are  being  used 
in  many  services  throughout  the  process  without 
failure. 

Spray  Nozzles 

The  use  of  zirconium  spray  nozzles  in  noxious 
gas  scrubbers  is  an  important  application,  as  they  can 


14,  of 


Figure   u.  zirconium  spray  nozzles,  couplings,  and  pipe  after  14 

months'  service  in  exit-chlorine  scrubbing  tower.    (In  contact  with 

wet  chlorine   and   chlo-ides  of  hydrogen,  iron,  aluminum,  silicon, 

and  titanium.  Top  pipe  is  pure  nickel  after  6  weeks'  service.) 
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Figure  16.  Zirconium  clamp  on  1-inch  glass  pipe  and  rod  used  to 
raise  and  lower  column  interface  control  mechanisms 


Figure  17.  Zirconium  hydraulic  valve  for  use  on  forklift  trucks 

be  fabricated  easily  from  bar  stock  and  are  resistant 
to  most  corrosive  gases  encountered. 

The  first  nozzles  installed  in  1949  are  still  ser- 
viceable after  use  in  wet  chlorine  and  hydrochloric 
acid  fumes.  The  comparative  resistance  of  nickel  and 
zirconium  is  shown  in  Fig.  15. 

Interface  Control  Mechanism 

In  June  1952,  an  interface  control  device  was 
proposed  that  did  not  depend  upon  rubber  or  other 
flexible  tubing.  The  use  of  zirconium  in  this  applica- 
tion is  illustrated  in  Fig.  16.  The  zirconium  rods 
have  had  approximately  26-months'  service  without 
evidence  of  corrosion.  Corrosives  handled  are  3.5W 
hydrochloric  acid  and  SN  sulfuric  acid. 

Water  Aspirator 

In  1950  when  the  large-scale  zirconium  reduction 
unit  was  placed  in  operation,  there  was  one  brass 
aspirator  on  each  purification  furnace.  These  grad- 
ually were  replaced  with  zirconium  units,  so  that  12 
are  now  in  operation,  with  up  to  3-years'  service. 


Hydraulic  Valve  Part 

A  zirconium  hydraulic  valve  (Fig.  17)  was  put 
into  use  in  hydraulic  systems  on  forklift  trucks. 
Standard  mild  steel  valves  furnished  on  the  original 
equipment  were  found  inoperative  after  2-weeks' 
use,  while  the  zirconium  valve  spools  are  still  in 
service  after  3  years. 

Float  Check  Valve 

This  valve  was  fabricated  to  maintain  a  constant 
level  in  a  solution  head  tank.  It  was  in  use  18  months, 
for  zinc  sulfate  solutions  %  molar  in  sulfuric  acid. 

Rotary  Filter  Valve 

A  zirconium  face  plate,  shown  in  Fig.  18,  supports 
a  hard-rubber  valve  on  a  3  by  6  rotary  filter,  which 
is  handling  hot  zirconium  phthalate  solutions.  The 
temperature  of  about  70° C  tends  to  warp  the  valve, 
so  that  leakage  occurs  between  the  rub  plate  and 
the  rotary  valve.  This  warpage  is  avoided  by  use  of 
the  zirconium  backing  or  face  plate. 

Proportioning  Pump  Parts 

Zirconium  has  been  used  successfully  in  repairing 
positive-displacement  proportioning  pumps.  Ceramic 
plungers  have  been  replaced  with  zirconium  in  several 
locations  where  hydrochloric  acid,  varying  from  1 
to  4AT,  is  being  pumped. 

Laboratory  Applications 

Zirconium  crucibles  are  being  used  at  the  North- 
west Electrodevelopment  Laboratory,  Bureau  of 
Mines,  Albany,  Oregon,  for  caustic  fusions,  where 
zirconium  contamination  is  not  objectionable  and 
an  iron  determination  is  being  made.  Iron  crucibles 
have  an  expectancy  of  1  to  5  fusions.  The  zirconi- 
um crucibles  are  expected  to  last  for  a  minimum  of 
25  fusions. 

The  utility  of  zirconium  in  analytical  laboratories 
is  outstanding.  Probably  the  most  important  use  is 
for  caustic  fusions  where  platinum  and  other  wares 
corrode  and  fail.  The  crucibles  pictured  in  Fig.  19 
show  only  slight  corrosion  after  8  caustic  fusions. 


Figure  18.  Rotary  filter  valve  platt 


Figure  19.  Zirconium  crucibles  after  eight  caustic  fusion*; 
zirconium  spatulas 
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Table  III.  Zirconium  Alloy  Systems  of  the  Fe-FeaC  Type 


System 

Maximum  solubility 
In  alpha         In  beta 

Temperatures 

Composition 

First 
intermediate 
phase 

Eutectoid 
°C 

Eutectic 
°C 

Eutectoid 

Eutectic 

Zr-Fe 

— 

5.5 

800 

934 

2.5 

16 

ZrFei 

Zr-Ni 

— 

1.9 

808 

961 

1.3 

17 

Zr2Ni   * 

Zr-Mn 

— 

6.5 

795 

1150 

3.0 

22.5 

Zr2Mn8 

Zr-Cr 

0.1 

6  to  8 

805 

1380 

1.7 

18 

ZrCra 

Zr-Mo 

0.18 

22 

780 

1520 

7.5 

31 

ZrMo 

Zr-W 

— 

8 

850 

1650 

0.5 

18 

ZrWa 

Zr-*Cu 

0.2 

3.8 

822 

995 

1.6 

21 

ZrtCu  ,V 

Alloys 

The  alloys  of  zirconium  have  been  studied  exten- 
sively the  past  few  years  and  it  is  now  known  that 
zirconium  has  only  a  limited  solubility  for  most 
metallic  elements. 

Zirconium,  produced  by  the  Kroll  process  at  the 
Bureau  of  Mines,  contains  about  0.12  per  cent  oxy- 
gen and  0.005  per  cent  nitrogen.  Until  1950,  iodide- 
type  zirconium,  processed  by  the  Philips  Company 
at  Eindhoven,  Netherlands  and  the  Foote  Mineral 
Company,  Philadelphia,  Pennsylvania,  contained  0.02 
to  0.06  per  cent  oxygen.  The  use  of  Kroll-process 
sponge  as  feed  material  for  the  iodide  refining  process 
reduced  the  oxygen  content  to  less  than  0.01  per 
cent  for  Grade  I  material.  Grades  II  and  III  con- 
tain more  impurities,  and  the  oxygen  content  of 
Grade  III  is  between  0.03  and  0.10  per  cent.  Zir- 
conium prepared  by  calcium  or  sodium  reduction, 
generally  is  of  inferior  quality  compared  to  that 
made  by  the  Kroll  or  iodide  process. 

Most  of  the  alloy  research  work  has  been  done 
using  either  Kroll-  or  iodide-process  zirconium. 
Bureau  of  Mines  workers  used  Kroll  process  ma- 
terial in  determining  the  Zr-Fe,  Zr-Cr,  Zr-Ni,  Zr- 
Mn,  and  Zr-Ti  systems.  Armour  Research  Founda- 
tion investigators  used  Grade  III  crystal  bar  for 
most  of  their  work  involving  the  Zr-Sn,  Zr-Al, 
Zr-Cr,  Zr-W,  Zr-Mo,  Zr-Cu,  and  other  systems. 
Critical  points  were  checked  with  Grade  I  crystal 
bar  and  found  to  be  in  substantial  agreement.  Zir- 
conium used  prior  to  1951  contained  1  to  2  per  cent 
hafnium.  Because  of  the  similarity  of  the  metals,  it 


is  believed  that  this  has  little  effect  on  the  critical 
points  of  the  systems  investigated. 

Melting  of  zirconium-rich  alloys  represents  another 
possible  source  of  oxygen  contamination,  both  by 
pickup  from  the  crucible  and  absorption  from  the 
atmosphere.  Older  work  using  alumina  crucibles  is 
of  questionable  value  because  of  oxygen  contamina- 
tion. Most  of  the  modern  zirconium  alloy  work 
involved  use  SO  to  100  gram  melts  prepared  by 
tungsten-tip  arc  melting  in  a  von  Bolton  type  furnace. 

Methods 

Over  90  per  cent  of  the  investigations  on  zir- 
conium phase  diagrams  have  occurred  during  the  past 
five  years  and  have  therefore  benefited  by  the  applica- 
tion and  use  of  modern  techniques  and  equipment. 
One  of  the  principal  deterrents  to  the  attainment 
of  accurate  data  has  been  contamination  of  zirconium 
by  oxygen.  Because  of  the  avidity  with  which  oxy- 
gen combines  with  zirconium,  all  thermal  operations 
require  the  use  of  either  a  vacuum  or  an  inert 
atmosphere. 

The  principal  methods  used  in  determining  the 
phase  systems  were  metallography,  thermal  analysis 
(including  dilatometry),  melting  point  determina- 
tion, and  X-ray  diffraction. 

A  few  elements  show  extensive  solubility  in  the 
alpha  form  of  zirconium  and  the  principal  ones  of 
this  class  are  shown  in  Table  IV. 

Systems 

Table  III  is  a  summary  of  the  salient  features  of 
a  number  of  zirconium  alloy  systems  of  the 
Fe-Fe8C  type. 


Table  IV.   Zirconium  Alloy  Systems  Showing  Extensive  Alpha  Solubility 


System 

Max.  solubility,  wt  % 

1st  peritectic 
°C 

1st  peritectoid 
°C 

1st  intermediate 

phaie 

In  alpha                    In  beta 

Zr-Al 

3.5                      9.5 

1350 

940 

ZraAl 

Zr-Sn 

9                       21 

Eut. 

980 

Zr4Sn 

Zr-0 

29                     10.5 

1940 

— 

ZrO2 

Zr-N 

25                       5.0 

1880 

—  . 

ZrN 
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REACTOR-GRADE  ZIRCONIUM 

Zirconium  production  on  a  tonnage  basis  was 
developed  in  the  United  States  to  meet  the  require- 
ments of  the  atomic  reactor  program. 

During  development,  it  was  established  that  zir- 
conium chloride,  free  from  hafnium,  reduced  to 
zirconium  sponge  by  the  Kroll  process  and  melted  to 
ingot  by  the  consumable-arc  process,  using  a  water- 
cooled  copper  crucible,  would  meet  the  physical  and 
chemical  requirements  for  use  primarily  as  a  sheathing 
material  in  atomic  reactors. 

Production  of  zirconium  on  a  large  scale  by  the 
Northwest  Electrodevelopment  Laboratory,  Bureau 
of  Mines,  Albany,  Oregon  is  an  anomaly  which 
justifies  some  explanation. 

The  reduction  of  titanium  tetrachloride  with  mag- 
nesium in  an  inert  atmosphere,  as  perfected  by  Mr. 
W.  J.  Kroll  prior  to  1940,  aroused  renewed  interest 
in  zirconium  and,  in  1945,  developmental  work  on 
this  metal  was  initiated  under  the  technical  direction 
of  Kroll,  Preliminary  results  were  promising  and 
in  February,  1947,  a  pilot  plant  with  a  capacity  of 
60  pounds  of  zirconium  metal  sponge  per  week  was 
put  in  operation.  Shortly  thereafter  the  Atomic 
Energy  Commission  requested  production  of  one 
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Figure  20.  Zirconium-production   flowsheet 


ton  of  zirconium  metal  sheet,  with  the  provision 
that  it  have  a  low-hafnium  content.  The  Bureau  of 
Mines  was  furnished  with  a  supply  of  Brazilian 
baddeleyite  ore,  containing  less  than  one  per  cent 
hafnium  with  respect  to  zirconium,  from  which  was 
made  about  2700  pounds  of  relatively  low-hafnium 
zirconium  sheet  of  0.080-inch  thickness  for  test  pur- 
poses. This  was  accomplished  by  melting  zirconium 
sponge  in  a  graphite  crucible,  hot  rolling  the  ingot 
in  an  iron  sheath,  and  finishing  by  cold  rolling. 

Concomitantly,  contractors  for  the  Atomic  Energy 
Commission  developed  a  method  for  separating 
hafnium  from  zirconium  and,  in  cooperation  with  the 
Atomic  Energy  Commission  and  Bureau  of  Ships 
of  the  Navy,  a  larger  pilot  plant  was  erected  to  pro- 
duce zirconium  from  very  low-hafnium  zirconium 
tetrachloride  furnished  by  the  Commission.  Pro- 
duction of  zirconium  sponge  in  the  larger  pilot  plant 
of  500  pounds  per  week  capacity  started  in  June 
1949. 

Major  attention  was  given  to  quality  control.  Haf- 
nium was  only  one  of  the  troublesome  impurities. 
Appreciable  quantities  of  nitrogen  caused  embrittle- 
ment  and  loss  of  corrosion  resistance.  Oxygen  caused 
embrittlement,  and  aluminum,  titanium,  and  other 
metal  impurities  were  suspected  as  corrosion  pro- 
moters. 

it  was  discovered  that  alloying  metals  including 
tantalum  and  tin  gave  advantageous  properties.  Zir- 
conium, which  had  been  little  more  than  a  laboratory 
curiosity,  was  establishing  itseli  as  a  promising 
material  of  construction  for  nuclear  reactors,  but 
many  unknowns  in  reduction  methods,  melting, 
quality  control,  and  physical  and  chemical  properties 
still  existed. 

It  was  found  that  the  relatively  high-purity  zirco- 
nium sponge  produced  by  the  Kroll  process  could  be 
refined  by  the  van  Arkel  iodide-dissociation  method  to 
obtain  exceptionally  high-purity  metal.  Zirconium 
previously  refined  as  van  Arkel  crystal  bar  had  been 
low  in  oxygen  and  nitrogen  and  consequently  ductile, 
but  metallic  impurities  impaired  the  corrosion  resist- 
ance. Industrial  contractors  of  AEC  took  steps  to 
expand  refining  capacity  and  install  new  refining  fur- 
naces as  insurance  that  high-purity  metal  would  be 
available.  In  May,  1950,  ground  was  broken  at  the 
Bureau  for  the  erection  of  a  large  zirconium  sponge 
production  plant  and  the  first  furnaces  were  placed  in 
operation  in  August  of  that  year.  The  Bureau  plant 
was  enlarged  in  January  and  again  in  October  of 
1951  to  its  present  capacity  of  sonic  300,000  pounds 
of  zirconium  per  year.  During  the  same  period,  addi- 
tional facilities  were  installed  to  convert  low-hafnium 
zirconium  oxide  to  zirconium  tetrachloride  by  direct 
chlorination  of  the  oxide  with  chlorine  gas.  A  plant 
also  was  erected  to  separate  zirconyl  from  hafnyl 
chloride,  using  the  Atomic  Energy  Commission  proc- 
ess. Thenceforth,  f  _ekl  material  for  the  plant  has  been 
commercial-grade,  high-hafnium  zirconium  tetra- 
chloride. 
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Figure  22.  View  of  base  of  extraction  colu 


imns 


Improvements  in  processing  and  melting  were 
developed.  Contaminants  were  controlled  gradually 
to  the  extent  that  metallic  impurities  and  nitrogen 
were  within  the  limitations  expected  from  zirconium 
refined  by  the  van  Arkel  process.  Oxygen  values 
approached  the  same  figure.  Oxygen  is  not  objec- 
tionable from  a  corrosion  standpoint  and  within 
limits  adds  strength  advantageously.  Consequently, 
it  became  evident  that  the  sponge  was  satisfactory 
without  further  treatment  and  the  practice  of  refining 
zirconium  sponge  for  use  by  the  Atomic  Energy 
Commission  was  discontinued  in  1952.  Attempts  to 
reduce  zirconium  from  zirconium  compounds  such 
as  carbides  or  oxide,  using  modifications  of  the  van 
Arkel  process,  have  not  been  successful. 

The  plant  supplied  all  domestic  requirements  for 
low-hafnium  zirconium  until  January,  1954,  when 
a  commercial  plant  began  producing  the  metal.  Total 
zirconium  sponge  production  to  January,  1955,  has 
amounted  to  1,112,800  pounds.  During  the  year  end- 
ing June  30,  1954,  the  unit  cost  of  acceptable  low- 
hafnium  zirconium  sponge  (less  interest,  deprecia- 
tion, and  taxes)  has  averaged  $9.33  per  pound. 

Zirconium,  melted  in  a  graphite  crucible  inevitably 
picks  up  carbon.  Under  very  favorable  conditions, 
graphite-melted  zirconium  would  be  expected  to 
contain  at  least  0.1  per  cent  carbon.  The  develop- 
ment of  a  water-cooled  copper  crucible  for  arc-melted 
zirconium  represented  a  major  improvement  in  zir- 
conium metallurgy.  Semi-permanent  electrode  tops  of 
tungsten,  rhenium,  graphite,  or  high-melting  point 
carbides  were  a  source  of  contamination  particularly 
if  zirconium  contained  residual  occluded  volatiles 
such  as  chlorides  or  magnesium.  Molten  metal 
splashed  over  the  electrode  tip  and  gradually  eroded 
it  into  the  metal  bath.  This  led  to  the  development 
of  a  consumable  electrode  consisting  of  a  cold- 
compacted  zirconium  bar  which  is  melted  by  the 
action  of  the  arc  to  become  the  feed  material  to  make 


Figure  23.  View  of  storage  tanks/  pumps,  and  filters 


up  an  ingot  in  a  water-cooled  copper  crucible.  The 
arc  is  contained  in  an  inert  gas  at  atmospheric,  or 
more  recently  low  gas  pressure. 

The  production  program  was  intended  to  supply 
low-hafnium  zirconium  metal  at  a  reasonable  cost  to 
the  Atomic  Energy  Commission  by  utilizing  the 
Kroll  process  during  the  interim  period  between  the 
development  of  the  process  and  the  installation  of 
production  capacity  by  private  industry. 

The  production  program  by  the  Bureau  of  Mines 
terminated  in  May,  1955. 

The  flow  sheet,  Fig.  20,  shows  the  sequence  of 
intermediate  steps  in  producing  reactor  grade  zir- 
conium by  the  Bureau  of  Mines.  The  steps  will  be 
discussed  in  detail. 

SEPARATION  OF  ZIRCONIUM  AND   HAFNIUM 

Since  April,  1952,  the  Northwest  Electrodevelop- 
ment  Laboratory  at  Albany,  Oregon,  has  processed 
zirconium  tetrachloride  through  the  purification  plant 
to  produce  low-hafnium  zirconium  oxide  and  low- 
zirconium  hafnium  oxide.  The  hafnium  and  zirco- 
nium oxides  produced  were  processed  further  in 
other  parts  of  the  plant  to  ductile  sponge  metal, 
using  the  Kroll  process. 

Hafnium  is  separated  from  zirconium  in  a  com- 
plex, liquid-liquid,  countercurrent  extraction  plant. 
In  the  system  used,  hafnium  thiocyanate  is  extracted 
preferentially  in  a  hexonc-thiocyanic  acid  mixture 
from  an  aqueous  solution  containing  zirconium  and 
hafnium.  This  process  was  devised  at  the  Y-12  plant 
of  Carbide  and  Carbon  Chemicals  Corporation  at 
Oak  Ridge,  Tennessee  during  a  period  of  intensive 
research  beginning  in  May,  1949. 

Overholscr47  and  Leaders48  investigated  14  dif- 
ferent organ ics  and  selected  a  di-ethyl  ether  thio- 
cyanate system  c*s  being  most  promising  of  the  group. 
Further  study  of  the  di-ethyl  ether  system  and  a 
rather  comprehensive  study  using  hexone  as  the 
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extractant  was  made  by  Overholser.49  In  a 
report  covering  5-weeks'  work  Leaders  described  the 
adaptation  of  mixer-settler  apparatus  and  packed 
columns  to  the  counter  current,  continuous,  selective 
extraction  of  hafnium  ions  from  an  aqueous  solu- 
tion by  a  solution  of  thiocyanic  acid  in  hexone. 

In  January,  1950,  Leaders50  summarized  the  latest 
improvements  in  zirconium  purification  as  developed 
by  the  Y-12  research,  pilot  plant,  production  and 
engineering  groups.  Cost  estimates  were  presented 
for  the  construction  and  operation  of  permanent 
zirconium  purification  facilities. 

Later  work  by  Leaders,51  Grimes,52  Barton,58  and 
Waldrop54  covered  the  refinement  of  processing 
variables  using  the  hexone-thiocyanate  system  for 
the  separation  part  of  the  process  and  the  use  of 
salicylic  acid  as  the  organic  precipitant  in  the  puri- 
fication of  the  products. 

Knox55  made  a  conclusive  study  of  various  ma- 
terials of  construction  to  determine  which  materials 
would  resist  the  combination  of  hexone  and  in- 
organic acids. 

Googin56  presented  a  revised  estimate  of  the  cost 
of  a  permanent  plant  and  new  operating  costs  on 
the  substitution  of  phthalic  anhydride  for  salicylic 
acid  in  the  purification  step. 

Ramsey57*58  described  the  complete  separation- 
purification  plant  equipment,  operating  costs,  and 
operating  conditions. 

In  April,  1951,  the  Northwest  Electrodevclopment 
Laboratories  at  Albany,  in  cooperation  with  the 
Atomic  Energy  Commission,  began  construction  of 
a  similar  plant  to  supplement  the  Y-12  production. 
The  Bechtel  Corporation  completed  the  building  and 
process  design  and  Bureau  of  Mines  personnel 
erected  the  building  and  installed  the  equipment.  The 
building  was  completed  in  January,  1952  and  the 
plant  was  equipped  and  ready  for  operation  in  April. 

In  1953  the  Carborundum  Metals  Corporation 
completed  a  new,  integrated  zirconium  plant  near 


u  Akron,  New  York.  Their  purification  plant  is  essen- 
tially the  same  as  the  Bureau  of  Mines  facility.  With 
on-stream  conditions  and  production  quotas  attained, 
the  need  for  continuation  of  the  Bureau  of  Mines 
production  plant  ceased  to  exist.  The  result  was 
closing  of  the  purification  plant  in  January,  1955 
and  shut  down  of  the  balance  of  facilities  scheduled 
for  July  1,  1955. 

Feed  Preparation  (bee  flow  sheet  Pig.  21) 

Commercial  grade  zirconium  tetrachloride  con- 
taining 2-3  per  cent  hafnium  is  solubilized  and  fed 
to  the  plant  as  zirconyl  chloride.  This  feed  contains 
hydrochloric  acid  and  ammonium  thiocyanate.  After 
adjusting  the  feed  batch  to  meet  these  conditions  it 
is  filtered  into  storage  tanks  (1)  and  proportioned  to 
the  number  1  extraction  column. 

Extraction  System 

The  extraction  system  is  made  up  of  4  glass  col- 
umns (Fig.  22).  Feed  entering  the  top  of  this  sys- 
tem passes  countercurrent  to  the  thiocyanate-con- 
taining  methyl-isobutyl  ketone  which  enters  the 
bottom  of  the  system  (2).  The  aqueous  solution 
(raffinate)  leaving  the  system  (3)  contains  only 
small  quantities  of  hafnium.  The  organic  leaving 
the  extraction  columns  (4)  contains  the  balance  of 
the  hafnium  and  a  substantial  quantity  of  the  begin- 
ning zirconium. 

Thiocyanate  Recovery 

The  raffinate  leaving  the  extraction  system  is 
passed  countercurrent  to  fresh  or  regenerated  solvent 
containing  no  thiocyanate.  The  raffinate  flows  by 
gravity  from  the  overflow  through  a  polishing  press 
to  storage  tanks.  The  solvent  flows  to  the  scrubbed 
solvent  tank  where  it  is  mixed  with  scrubbed  solvent 
and  pumped  to  the  bottom  of  the  extraction 
system  (2). 


Figure  24.  View  of  rotary  filter  discharge  showing  character 
of  zirconium  phthalate  cake 


Figure  25.  Repulpmg  facilities  showing  the  3  ft  X  6  ft  Oliver  filter 
on  left  and  3  ft  X  2  ft  Eimco  filter  on  right 
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Figure  26.  Rotary  drier  and  calcining  furnace  used  to  convert   zirconium   hydroxide  to  oxide 


Stripping   System 

The  stripping  system  is  made  up  of  3  columns. 
Solvent  leaving  the  extraction  system  (4)  enters 
the  bottom  of  the  first  stripper  and  passes  counter- 
current  to  the  hydrochloric  solution  (13)  which 
strips  zirconium  from  the  solvent  and  returns  it  to 
the  feed  pump  with  essentially  the  same  ratio  of 
hafnium  as  the  beginning  feed.  The  hafnium  bearing 
solvent  (7)  leaving  the  last  stripper  is  pumped  to 
the  scrubbing  column. 

Scrubbing  System 

Scrubbing  is  accomplished  in  a  column  by  passing 
sulfuric  acid  solution  (8)  countercurrent  to  the 
stripped  solvent.  Essentially  all  metal  ions  are  re- 
moved in  this  column  so  that  the  hafnium  sulfate 
contains  impurities  which  also  are  extracted  pref- 
erentially with  the  hafnium.  These  include  cadmium, 
boron,  and  titanium.  The  aqueous  hafnium  sulfate 
(9)  leaving  the  column  passes  by  gravity  through  a 
polishing  press  to  a  storage  tank.  The  solvent  is 
returned  to  the  scrubbed  solvent  storage  tank 
(Fig.  23). 

Solvent  Regeneration 

Scrubbed  solvent  is  contacted  with  ammonium 
hydroxide  solution  (11)  in  a  heat  exchanger  to 
remove  the  CNS  present  and  provide  solvent  feed 
for  the  CNS  recovery  column.  The  ammonium  thio- 
cyanate  (12)  thus  formed  is  filtered  and  held  in 
storage  tanks  for  use  in  feed  make-up. 

Zirconium  Purification 

,:  Raffmate  from  the  extraction  plant  is  stored  in 
tanks  for  24  hours  until  a  determination,  giving  the 
pounds  of  zirconium  per  gallon,  has  been  accom- 
plished. The  zirconium  in  this  solution  then  is  pre- 
cipitated with  either  di-ammonium  phthalate  or 
sulfuric  acid. 

The  di-ammonium  phthalate  was  used  as  the 
precipitating  agent  until  very  recently  when  the 


sulfuric  acid  precipitation  was  devised.  Both  re- 
actions require  dilution  of  the  zirconium  to  0.1 
pound/gallon  and  both  take  place  most  effectively 
at  a  pH  of  1.4-1.8  and  temperatures  of  170-195°C. 
Under  these  conditions  most  impurities  are  left  in 
solution  and  pass  through  the  filtration  system  to 
the  sewer.  The  most  troublesome  impurity,  aluminum, 
is  easily  occluded  in  the  cake  when  the  dilution  is 
not  correct.  The  amount  of  reagents  used  in  either 
case  is  given  in  Table  V. 

Precipitation  is  accomplished  in  a  200-gallon,  glass 
lined,  jacketed  reactor.  Precipitating  reagents  enter 
the  top  of  the  vessel  and  leave  in  a  slurry  from  the 
bottom  through  a  gravity  leg  to  a  3  ft  X  6  ft  rubber- 
covered  Eimco  rotary  vacuum  filter.  The  filter  cake 
shown  in  Fig.  24  is  discharged  over  a  scraper  blade 
to  a  repulper  where  28  per  cent  ammonium  hydroxide 
is  added  to  promote  conversion  to  zirconium  hy- 
droxide. This  zirconium  hydroxide  is  pumped 
underground  to  the  chlorination  plant  and  filtered 
on  a  3  ft  X  6  ft  wood-decked  Oliver  rotary 
vacuum  filter  shown  in  Fig.  25  which  rejects  the 
ammonium  sulfate  filtrate  through  a  polishing 
press  to  the  sewer  and  discharges  the  cake  to  a 
second  repulper  where  28  per  cent  ammonium  hy- 
droxide is  added. 

Drying  and  Calcining 

The  endless  belt  leading  to  the  drier  passes  under 
infra-red  lamps  which  serve  to  warm  the  zirconium 
hydroxide  cake  and  lessen  its  tendency  to  stick  to 
the  walls  of  the  rotary  drier. 

The  drier,  which  is  shown  in  Fig.  26,  is  an  indirect, 
electrically  fired,  rotary  shell  type,  3  feet  in  diameter 
and  30  feet  long.  There  are  three  zones  of  heating 
which  are  set  to  350°,  375°,  and  400° C  for  drying  of 
the  sul fate-converted  oxide.  The  discharge  falls  by 
gravity  to  an  18-inch  diameter  12-foot  long  rotary, 
indirect  electrically-fired  calciner.  The  cast  "Thermal- 
lov-40"  retort  is  held  at  700° C  for  calcining  of  the 
sulfate  oxide.  The  calciner  product  is,  accumulated 
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Table  V.    Purification  of  Zirconium  by 
Precipitation 


Additions 

Phthalalf 

Sulfate 

Raffinate,  0.7  Ib/gal 
Water,  gal 
Di  -ammonium  phthalate,  gal 
Cone,  stil  f  uric  acid,  33Af,  gal 
Ammonia,  gal 
Temperature,  °F 
PH 
Total  dilution,  Ib/gal 

84 
200 

34 

As  required 
175 
1.3-1.8 
0.16 

84 
300 

•     2.2 

As  required 
190 
1.2-1.6 
0.15 

in  50  gallon  open-top  drums  where  it  is  weighed  and 
sampled,  prior  to  storage  in  wood-storage  tubs  out- 
side of  the  building. 

The  phthalate-type  oxide  averaged  71.8  per  cent 
zirconium  in  a  total  of  676,583  pounds  of  oxide 
product.  The  sulphate-type  oxide  contains  about  5.0 
per  cent  combined  LOI  and  SO*  for  a  conversion 
factor  of  70.4  per  cent  zirconium. 

Process  Improvements 

The  original  design  in  the  purification  plant  has 
been  changed  to  improve  efficiencies  arid  lessen  down- 
time. Many  of  these  changes  had  to  do  with  piping 
and  flow ;  some  were  in  the  nature  of  added  equip- 
ment, such  as  heat-exchangers  and  pumps;  while 
still  others  necessitated  searching  for  corrosion- 
resistant  construction  materials.  These  alterations  to 
the  extraction  plant  improved  the  recovery  of  both 
zirconium  and  hafnium. 

ZIRCONIUM  PRODUCTION  f 

Chlorination 

Direct  chlorination  of  zirconium  oxide  was  devel- 
oped on  an  experimental  basis  under  the  research 
program  carried  out  simultaneously  with  the  expan- 
sion of  production  facilities.  In  February  1951,  plans 
were  made  to  build  a  large-scale  chlorination  unit  and 
the  unit  was  placed  in  operation  in  May  1951. 


The  original  unit  consisted  of  two  chlorinators, 
each  having  a  bed  diameter  of  26  inches,  with  space 
provided  for  a  third  chlorinator,  if  needed.  Mixing, 
briquetting,  and  drying  equipment  was  provided  to 
supply  the  raw  material  for  the  chlorinators.  De- 
mands for  chloride  continued  to  increase  and  the 
third  chlorinator  was  completed  in  March  1953. 

Feed  material  to  the  chlorinators  is  in  the  form  of 
briquets  IVa  inches  long  by  1  inch  wide  by  %  inch 
thick.  The  briquets  are  formed  in  a  briquetting 
machine,  of  the  Belgian  Roll  Type,  from  batch  mixes 
of  zirconium  oxide,  sugar,  water  and  carbon.  Figure 
27  is  a  photograph  of  the  briquetting  machine.  The 
oxide,  as  received,  is  mixed  in  a  ribbon  mixer  in 
the  ratio  of  564  pounds  of  zirconium  oxide  to  24 
pounds  of  powdered  sugar  for  15  minutes.  One 
hundred  pounds  of  carbon  is  added  and  the  dry 
ingredients  mixed  for  another  15  minutes.  Five 
gallons  of  water  are  added  through  a  perforated 
pipe  along  the  top  of  the  mixing  chamber  and  the 
blend  mixed  for  1%  hours.  The  batch  is  discharged 
into  a  hopper  mounted  below  the  mixer  and  left 
to  age  for  about  18  hours. 

The  batches  are  conveyed  and  elevated  into  the 
briquetting  machine.  The  pressure  with  which  the 
material  is  forced  into  the  rolls  is  controlled  by  a 
paddle  type  packer  mounted  above  the  rolls  and 
powered  by  a  dc  variable-speed  motor.  Soft  briquets 
are  broken  up  and  the  fines  removed  through  a 
vibrating  screen  located  below  the  rolls.  These  fines 
are  recirculated  to  the  packer  through  a  screw  con- 
veyor elevator.  T°owdered  graphite  fed  onto  the 
rolls  keeps  the  briquets  from  sticking  and  also 
improves  the  conductivity  of  the  surface  of  the 
fresh  briquets. 

The  briquets  are  dried  at  120° C  (250°F)  in 
stainless  steel  trays  in  a  forced-air-type  drying  oven. 
Fines  are  removed  from  he  dried  briquets  by  means 
of  a  vibrating  screen.  Suction  lines  leading  from 


Figure  27.  Belgian  roll-type  briquetting  machine 


Figure  28.  Direct-chlorination    unit:    (1)    feed    hopper;    (2)    feeder; 

(3)     electrode;     (4)     chlorine    inlet;    (5)     chlorination    furnace;     (6) 

condenser;   (7)   after   condenser;   (8)   scrubbing   towers 
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figure  zy.  uirecT-cmormation  unit 

the  screen  to  a  cyclone  separator  eliminate  the  dust 
hazard  and  permit  recovery  of  the  material  lost  in 
the  screening  operations.  All  of  the  fines  are  recircul- 
lated  through  the  briqueting  machine. 

The  design  of  the  chlorination  units  is  shown  in 
Fig.  28  and  a  photograph  of  the  units  is  shown  in 
Fig.  29.  The  electrical  power  is  supplied  by  three 
500  ampere  welding  transformers,  which  are  con- 
nected to  auto-transformers  adjustable  by  tap  settings 
to  apply  50  or  25  per  cent  of  the  voltage  to  each 
chlorinator.  Under  normal  operating  conditions  the 
voltage  and  amperage  readings  are  15  volts  and 
250  amperes. 

Preparatory  to  the  start-up  of  the  chlorinator, 
either  initially  or  after  shutdown  for  repairs,  the 
chlorinators  are  charged  with  dried  briquets  until 
the  level  of  the  bed  is  up  to  the  center  of  the  elec- 
trodgs.  Strips  of  resistor  carbon,  about  4  inches  wide 
and  2  inches  deep  are  placed  from  the  center  of 
the  charges  out  to  each  electrode ;  then  more  dried 
briquets  are  added  until  the  desired  depth  of  charge 
is  obtained.  These  resistor  carbon  strips  transfer 
enough  heat  to  the  surrounding  briquets  to  cause 
them  to  become  conductive  and  the  heated  area 
expands  until  the  entire  charge  is  brought  to  operat- 
ing temperature  is  reached,  briquets  can  be  added 
without  further  addition  of  resistor  carbon  strips. 
During  operation,  the  charge  is  kept  loose  and  free 
of  voids  by  periodic  packing  down  through  the 
charging  port  with  an  iron  rod.  Feeding  briquets 
from  a  sealed  hopper  into  the  chlorinator  through 
star  valves  regulated  by  clock  timers  maintains  the 
ifeed  in  balance  with  the  rate  of  chlorination.  The 
hoppers  may  be  filled  without  interrupting  the  chlo- 
rination by  closing  a  ball  valve  located  just  below  the 
star  valve.  Gaseous  chlorine  is  supplied  to  each 
chlorinator  through  metering  valves  and  a  manifold 


Figure  30.  Cross   section  of  zirconium   reduction    plant 

from  a  chlorine  vaporizer.  Liquid  chlorine  is  fed  to 
the  vaporizer  through  a  manifold  connected  to 
several  1-ton  containers.  A  low-pressure  diaphragm- 
protected  gauge  in  each  line  beyond  the  metering 
value  indicates  the  back  pressure  through  the 
chlorinators,  and  warns  the  operator  of  dangerous 
conditions  arising  from  restrictions  in  pipes  and 
equipment. 

Chlorinators  are  operated  at  a  production  rate 
of  approximately  50  pounds  of  zirconium  tetra- 
chloride per  hour  and  a  bed  temperature  of  600- 
800°  C.  Under  these  conditions,  no  top  heaters  or 
condenser  inlet  heaters  are  necessary  to  keep  the 
zirconium  tetrachloride  in  the  vapor  state  until  it 
reaches  the  condenser.  The  condensers  have  air 
vibrators  and  hammering  plates  attached  for  use 
whenever  the  product  needs  to  be  shaken  loose  from 
the  sidewalls  to  expose  fresh  condensing  surfaces. 
Zirconium  tetrachloride  dust  entrained  in  the  exhaust 
gases  is  recovered  in  second,  or  after  condensers. 
This  entrained  dust  represents  5  to  7  per  cent  of 
the  total  product.  The  exhaust  gases  pass  through 
two  6-inch  glass  pipe  scrubbing  towers  before  vent- 
ing from  the  stack  to  the  atmosphere.  Both  towers 
are  packed  with  1-inch  Raschig  rings  to  a  height 
of  8  feet. 

Waste  cooling  water  plus  overflow  from  the 
second  tower  feeds  the  first  tower,  and  the  second 
tower  contains  recirculated  caustic  solution  with 
continuous  make-up.  Waste  water  from  the  towers 
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Figure  31.  First-floor  plan,  zirconium-reduction  unit 
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flows  through  tile  drains  and  a  lime  pit  for  neutraliza- 
tion of  acid  and  chlorine  before  going  into  the  sewer. 
Acid  fumes  from  the  condenser  discharge  and 
clean-out,  residue  discharge,  and  briquet  charging 
ports  are  carried  away  by  suction  lines  to  a  spray 
tower  before  being  blown  into  the  atmosphere.. 

Purification-Reduction 

A  building  97  feet  wide  and  ISO  feet  long  houses 
the  zirconium  reduction  unit.  The  center  section 
has  a  mezzanine  floor  on  which  the  distillation  fur- 
naces are  supported  and  a  basement  is  located  below 
a  portion  of  the  operation  floor  to  provide  space 
for  the  hydraulic  hoists  and  access  to  the  lower 
portions  of  the  furnaces  extending  below  floor  level. 
Figure  30  is  a  cross-section  plan  of  the  zirconium 
reduction  plant.  The  first-floor  plan,  Fig.  31,  shows 
the  layout  of  the  furnaces.  The  purification-reduction 
furnaces  are  arranged  in  two  rows,  six  in  the  first 
row,  and  seven  in  the  second.  The  vacuum-distilla- 
tion retorts  are  located  on  the  mezzanine  floor  in  the 


high  center  section  of  the  building.  These  retorts 
are  heated  by  seven  "bell"  type  furnaces,  which  are 
moved  from  one  retort  to  another  by  means  of  an 
electric  crane  as  required  in  the  distillation  cycle. 
Figure  32  is  a  photograph  of  the  operating  floor 
of  the  zirconium  production  unit. 

The  purification-reduction  furnaces  are  pit-type, 
with  Nichrome  resistance  elements  for  heating.  The 
retorts  have  an  inside  diameter  of  27%  inches  and 
are  70  inches  long  and  are  made  of  Type  310  stain* 
less  steel  %  inch  thick.  A  trough  2  inches  wide  by 
9  inches  deep  is  welded  around  the  outside  circum- 
ference of  the  retort.  The  top  of  the  furnace  rests 
in  the  trough  which  is  filled  partially  with  a  lead- 
antimony  eutectic  alloy  (melting  point  247°C). 
When  the  lead-antimony  alloy  is  molten,  the  top 
is  free  to  move  and  float  in  the  liquid  seal  during 
the  operating  cycle.  A  stainless  steel  pipe  through 
which  air  or  water  may  be  circulated  is  welded  to 
the  bottom  of  the  trough  and  provides  the  means 
whereby  the  lead-alloy  seal  may  be  frozen  when 
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gure  33.  Assembly  of  combined  purification-reduction  furnace: 
)  floating  top;  (2)  top-plate  heating  element;  (3)  bleeding  valve; 
I)  evacuation  tube;  (5)  ga$  valve;  (6)  cooling  coils;  (7)  lead  seal; 
0  lead-seal  heating  element;  (9)  retort;  (10)  middle-zone  heating 
lement;  (11)  chloride  can;  (12)  reduction  baffle;  (13)  crucible  lifting 
ar;  (14)  reduction  crucible;  (15)  lower  zone  heating  element;  (16) 
lagnesium  chloride;  (17)  magnesium;  (18)  zirconium;  (19)  cooling 
lugs;  (20)  raw  ZrCh;  (21)  floor  line;  (22)  thermocouple  well; 
(23)  dense  ZrCU;  (24)  lead-seal  cooling  coils 


baffles,  and  reduction   crucible 
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Figure  35.  Magnesium    reduction    process   operation    schedule 
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Figure  36.   Reduction  crucible  turned  on  side  to  show  charge 

necessary  in  the  operation  of  the  furnace.  Each  fur- 
nace is  equipped  with  three  heating  zones ;  the  upper 
zone  located  around  the  lead-alloy  seal  is  rated  at 
13  kw  and  extends  down  the  retort  for  11  inches; 
the  middle  zone  heating  element,  which  is  28  inches 
long,  starts  about  2  inches  below  the  top  heating 
zone,  and  has  a  power  rating  of  46  kw ;  the  lower 
heating  zone  also  has  a  power  rating  of  46  kw  in- 
cluding a  4-kw  element  in  the  bottom  of  the  furnace. 
Furnace  tops,  which  are  interchangeable,  are 
equipped  with  a  5-kw  heating  element.  In  normal 
operations  the  maximum  setting  for  the  floating  top 
heating  element  and  the  upper  heating  zone  around 
the  lead-alloy  seal  is  500°C  (932°F).  The  middle 
and  lower  heating  zones  may  be  operated  as  high 
as  900° C  (1650°F). 

The  heating  elements  in  the  floating  top  and  the 
retort  heating  zones  are  provided  with  thermocouples 
and  individual  temperature  controlling  instruments. 
Thermocouple  wells,  welded  to  the  side  of  the  retort, 
are  located  in  each  heating  zone,  the  lower  zone 
having  two  wells  on  opposite  sides  of  the  retort. 
A  multi-point  recorder  is  used  to  record  contin- 
uously the  furnace  operating  temperatures  and 
furnishes  a  visible  indication  of  the  operating  tem- 
perature in  each  zone  for  the  operator  as  well  as 
serving  as  a  check  on  the  automatic  temperature 
controllers. 

Each  furnace  is  used  for  both  the  purification  and 
reduction  steps.  Both  the  reduction  crucible  and  the 
zirconium  chloride  container  are  loaded  in  the  fur- 
nace before  the  start  of  the  run.  A  short  baffle  is 
used,  which  rests  on  the  top  of  the  reduction  crucible 
and  supports  the  chloride  container.  The  cooling 


Figure  37.  Diagrammatic    sketch    of    distillation    furnace:    (1)    cru- 
cible;    (2)    table;     (3)    furnace;    (4)     retort;     (5)     support    column; 
(6)    salt    can;    (7)    water-cooling    jacket;    (8)    baffles; 
(9)  vacuum  connection 


Figure  38.  Furnace  equipment  for  vacuum   distillation 
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distillation    retort 


coils  in  the  floating  tops  are  9  inches  in  length.  The 
equipment  is  shown  in  Figs.  33  and  34. 

Standardized  charges  of  magnesium  and  zirconium 
tetrachloride  are  used  in  order  to  maintain  the  proper 
excess  of  magnesium  over  the  stoichiometric  amount 
needed  for  the  reduction.  The  furnace  is  charged  by 
placing  a  reduction  crucible  of  Type  430  stainless 
steel  containing  120  pounds  of  magnesium-metal 
pigs  in  the  bottom  of  the  retort  and  placing  the 
baffle  on  the  top  of  it.  The  weight  of  zirconium 
tetrachloride  remaining  on  the  condensing  coils  from 
the  previous  run  must  be  determined,  because  this 
becomes  part  of  the  furnace  charge.  The  zirconium 
tetrachloride  charged  into  the  choride  container  is 
regulated  so  that  the  total  chloride  content  is  between 
515  and  525  pounds.  The  chloride  container  and  its 
contents  are  placed  in  the  furnace  on  top  of  the 
baffle  and  the  floating  top  is  lowered  into  position 
in  the  lead-alloy  seal.  Water  is  circulated  through 
the  cooling  coils  under  the  seal  until  the  lead-alloy 
solidifies.  As  soon  as  the  seal  is  frozen,  the  tempera- 
ture controllers  on  the  lower,  middle,  and  floating 
top  elements  are  set  at  300° C  (570°F)  and  evacua- 
tion is  started.  Water  aspirators  are  used  for  the 
evacuation.  In  order  to  remove  the  gaseous  impur- 
ities from  the  charge,  three  evacuations  are  made. 
The  furnace  is  refilled  with  helium  between  each 
evacuation  and  a  two-hour  heat  soak  is  included 
between  the  first  filling  with  helium  and  the  second 
evacuation.  Helium  is  used  as  the  flushing  gas. 

After  the  furnace  has  been  filled  with  helium  for 
the   third   time,   cooling   of    the   lead-alloy   seal   is 
stopped  and  the  temperature  controller  for  the  lead- 


alloy  seal  is  set  at  550° C  in  order  to  melt  the  lead- 
alloy  seal  rapidly  and  free  the  floating  top.  Control- 
lers for  the  top  plate,  middle  zone,  and  lower  zone 
heating  elements  are  set  at  350°C  (6QO°F).  During 
the  time  the  lead-alloy  seal  is  melting  the  furnace 
is  "bled"  at  10-minute  intervals.  The  temperature 
controllers  for  the  top  plate,  middle  zone,  and  lower 
zone  elements  are  left  at  the  350°  C  setting  for  two 
hours,  and  are  then  raised  10°  C  every  %  hour  until 
a  maximum  setting  of  450° C  (840°F)  has  been 
reached.  "Bleeding"  of  the  furnace  is  continued  until 
the  operation  has  been  repeated  100  times. 

Experience  has  indicated  that  this  procedure  is 
required  to  remove  volatile  impurities  from  the 
zirconium  tetrachloride  charge.  However,  as  a  result 
of  the  operation  the  ratio  of  zirconium  tetrachloride 
vapor  to  helium  in  the  furnace  atmosphere  is  too 
high  for  control  of  the  initial  reaction  of  the  reduc- 
tion. The  desired  ratio  is  arrived  at  as  follows. 

The  middle-zone  heating  elements  are  shut  off, 
the  lower-zone  controller  set  at  825°C  (1515°F)  and 
the  temperature  controllers  for  the  top  plate  and 
lead-alloy  seal  heating  elements  are  set  at  500°C. 
Cooling  air  is  circulated  through  the  chloride  con- 
densing coils  to  regulate  the  bleeding  intervals  to  5 
minutes.  One  half-hour  after  the  lower-zone  temper- 
ture  controller  has  been  set  at  825° C,  helium  is  added 
to  the  furnace,  through  a  flow  meter,  at  the  rate  of 
28  cubic  inches  per  minute  for  2  hours.  "Bleeding" 
of  the  furnace  is  discontinued  while  helium  is  being 
added  and  the  amount  of  air  circulated  through  the 
chloride  condensing  coil  is  regulated  to  maintain  the 
floating  top  in  its  normal  operating  position. 
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Figure   41.   Sponge  distribution   in   crucible:    (1)   430  chrome   steel 
crucible  (2)  type  C  sponge;  (3)  type  A  sponge;  (4)  type  B   sponge 

The  reaction  usually  begins  soon  after  the  addition 
of  the  helium  has  been  completed.  The  temperature 
of  the  middle  zone  is  increased,  as  necessary,  to 
maintain  a  normal  pressure  in  the  furnace  and  keep 
the  top  floating. 

The  reaction  is  controlled  in  his  stage  to  furnish 
an  optimum  ratio  of  concentration  of  zirconium 
tetrachloride  vapor  to  helium.  The  operator  allows 
the  reaction  to  proceed  as  rapidly  as  possible  without 
exceeding  a  recorded  lower-zone  temperature  of 
875°C  (1605°F).  After  the  start  of  the  reaction, 
the  furnace  is  "bled"  every  half-hour.  As  the  rate 
of  reaction  decreases,  the  lower  zone  temperature 
drops.  When  the  temperature  falls  below  850°  C  in 
the  lower  zone,  the  "bleeding"  rate  is  increased  to 
about  6  or  10  times  per  hour  and  the  lower  zone 
temperature  controller  is  set  to  keep  the  recorded 
temperature  above  850°  C. 

The  combination  purification-reduction  procedure 
carries  the  reaction  to  completion.  The  reduction 
cycle  is  complete  when  all  the  zirconium  tetrachloride 
has  been  sublimed  from  the  chloride  container.  In- 
dividual runs  may  terminate  within  18  hours  after 
the  lower  zone  temperature  controller  was  set  to 
825°C. 

A  sharp  pressure  drop  in  the  furnace  is  an  indica- 
tion that  the  zirconium  tetrachloride  supply  is 
exhausted.  At  this  time,  helium  is  added  to  maintain 
the  furnace  pressure  and  the  middle-zone  tempera- 
ture is  raised  to  650°C  (1200°F).  Any  zirconium 
tetrachloride  that  may  have  condensed  in  the  cooler 
regions  of  the  upper  part  of  the  furnace  is  volatilized 
and  reacted  at  the  higher  temperature. 

At  the  conclusion  of  the  reduction,  the  heat  to 
the  furnace  is  turned  off  and  cooling  water  circulated 
in  the  coil  below  the  lead-alloy  seal.  A  slight  positive 
pressure  of  helium  is  maintained  in  the  furnace 
during  the  cooling  period.  In  order  to  increase  the 
rate  of  cooling,  air  is  blown  into  the  space  between 
the  retort  and  the  furnace  elements.  When  the 
recorded  temperature  of  the  lower  zone  has  fallen 


Figure  42.   Zirconium-sponge    blender 

to  150°C  (300°F)  the  furnace  may  be  opened.  The 
lead-alloy  seal  is  melted  and  the  top,  baffles,  and 
crucible  are  removed.  The  surface  of  the  contents 
of  the  crucible  is  cleaned  of  any  exposed  sponge  or 
other  reaction  byproducts  and  the  crucible  either 
transferred  to  a  distillation  retort  or  to  a  vacuum- 
tight  storage  container  to  be  held  until  a  distillation 
retort  is  available. 

The  time  necessary  for  completion  of  a  reduction 
cycle  depends  upon  the  rate  of  reaction  that  can 
be  maintained  by  the  operator.  A  typical  operating 
schedule  is  shown  in  Fig.  35. 

Vacuum  Distillation 

At  the  end  of  a  run,  the  crucible  contains  magne- 
sium chloride  and  excess  magnesium  metal  in  addi- 


•    P    Grade          CD    R    Grade   and   reject 

Figure   43.   Weight-percent   by  grade   of   total    cleaned    zirconium 
sponge.   (1130  runs;  69,905.30  kg) 
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Figure  45.  Multiple   deck   electric  drying    oven 

tion  to  the  reduced  sponge,  Figure  36  shows  a  cru- 
cible at  the  end  of  a  run.  The  magnesium  chloride 
and  excess  magnesium  are  separated  from  the  reac- 
tion mass  by  heating  the  crucible  and  its  contents  in 
an  inverted  position  in  an  evacuated  retort.  Details 
of  the  vacuum  retort  are  shown  in  the  diagrammatic 
sketch,  Fig.  37.  The  top  of  the  retort  is  heated  by 
a  bell-t>pe  resistance  furnace  and  the  lower  portion 
of  the  retort  is  enclosed  in  a  water-cooled  jacket. 
The  upper  portion,  which  is  exposed  to  the  heat  of 
the  furnace,  is  made  of  Type  316  stainless  steel 
%  inch  thick,  and  the  lower  portion  is  fabricated 
from  mild  steel.  The  entire  unit  is  supported  by  a 
heavy  steel  flange  upon  which  the  furnace  rests  dur- 
ing the  heating  cycle.  A  recessed  rubber  gasket  is 
provided  in  the  flange  which  permits  a  vacuum-tight 
seal  to  be  made  between  the  furnace,  or  hot  top, 
and  the  flange. 

The  retort  is  loaded  and  unloaded  by  use  of  a 
hydraulic  ram,  installed  in  the  basement  floor.  The 
equipment  used  inside  the  retort  consists  of  a  4-inch 
steel  support  column,  3  baffles,  salt  can,  crucible 
support  and  sponge  support  table.  All  these  items, 
which  are  shown  in  Fig.  38,  are  made  of  Type  302 
stainless  steel.  Tn  preparation  for  a  distillation  run, 
the  retort  cover  is  fastened  on  the  ram  top  and  the 
other  equipment  fastened  to  the  cover.  The  crucible 
is  placed  in  an  inverted  position  on  the  crucible 
support,  and  the  sponge  support  table  is  set  in  posi- 
tion beneath  the  crucible  to  support  the  sponge, 
which  otherwise  might  drop  down  as  the  magnesium 
chloride  is  distilled  from  the  reaction  mass.  Enclosing 
the  lower  portion  of  the  assembly  is  a  thin,  stainless- 
steel  shield  which  serves  as  a  condensing  surface  to 
collect  the  magnesium  chloride  distilled  from  the  cru- 
cible. A  thin,  stainless  steel  well  is  inserted  through 
a  hole  in  the  center  of  the  retort  cover  and  extends 
upward  through  the  hollow  support  column  to  a 
position  just  above  the  sponge  support  table.  Tt  is 


Figure  46.  Calcining  is  done  in  a  muffle  furnace 

necessary  to  use  a  vacuum-tight  seal  where  the  well 
passes  through  the  retort  cover.  A  thermocouple  in 
this  well  records  the  temperature  inside  of  the  cruci- 
ble. Another  thermocouple  located  on  the  inside  of 
the  furnace,  near  the  heating  elements,  is  used  to  con- 
trol the  furnace  heating. 

The  rubber  sealing  gasket  on  the  retort  cover  is 
cleaned  and  lightly  greased  before  the  cover  is  raised 
into  position  and  clamped.  The  ram  top  is  detached, 
the  ram  lowered,  and  the  recording  thermocouple 
inserted  in  the  well.  In  Fig.  39  the  furnace  is  shown 
ready  to  be  lowered  over  the  retort. 

Kach  distillation  retort  is  equipped  with- the  neces- 
sary vacuum  equipment  which  is  mounted  on  a  stand 
beside  the  retort  on  the  operating  floor  level.  Figure  40 
shows  the  vacuum  stand  and  control  panel  for 
one  distillation  unit.  Two  vacuum  systems  are 
employed,  one  to  evacuate  the  interior  of  the  retort 
and  the  other  to  evacuate  the  space  between  the 
furnace  and  the  exterior  of  the  retort.  This  is  neces- 
sary to  balance  the  pressure  and  prevent  collapse 
of  the  hot  retort  during  operation.  A  mechanical 
pump  is  used  to  evacuate  the  space  between  the 
heating  elements  and  the  retort ;  and  the  normal 
pressure  obtained  is  below  1  mm  of  mercury.  An 
oil  diffusion  pump  backed  by  a  mechanical  pump 
is  used  to  evacuate  the  inside  of  the  retort.  Drying 
towers  containing  trays  filled  with  P2Or,  are  placed 
in  the  vacuum  lines  between  the  pumps  and  the 
rest  of  the  vacuum  system  and  serve  to  protect  the 
mechanical  pumps  from  water  vapor.  This  system 
is  capable  of  reducing  the  pressure  in  the  retort  to 
the  order  of  0.05  micron.  Regular  Bourdon-type 
gauges  are  used  in  both  systems  for  visual  observa- 
tion of  the  progress  of  the  evacuation  in  the  early 
stages.  A  closed-end  mercury  manometer  is  used  to 
check  the  final  vacuum  in  the  space  between  the 
retort  and  the  furnace  and  the  other  system  is 
equipped  with  an  ionization  discharge-type  vacuum 
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gauge  and  a  thermocouple-type  vacuum  gauge  for 
determination  of  operating  pressure  within  the  retort. 

A  small,  portable  vacuum  pump  is  used  to  evacuate 
the  retort  to  a  few  millimeters  of  mercury  before  the 
regular  pump  is  started.  Use  of  this  portable  pump 
in  this  manner  materially  reduces  the  maintenance 
of  the  regular  vacuum  equipment. 

When  the  pressure  within  the  retort  has  been 
reduced  to  20  microns,  the  vacuum  valves  are  closed 


and  a  leak-rate  check  is  made.  If  the  leak-rate  is 
acceptable,  the  valves  are  opened  and  the  heating 
furnace  is  lowered  into  position  on  top  of  the  retort 
and  a  vacuum  tight  seal  obtained  between  the  flange 
and  the  furnace.  Evacuation  of  the  space  between 
the  retort  and  the  furnace  is  then  begun,  and  the 
furnace  temperature  control  is  set  at  960° C 
(1780°F).  The  furnace  temperature  is  maintained 
at  this  level  for  14  hours.  Then  the  power  is  turned 
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off  and  the  furnace  removed,  after  filling  the  space 
between  the  furnace  and  the  retort  with  dry  air. 
After  removal  of  the  hot  top,  the  furnace  is  cooled 
in  the  air  for  approximately  a  half-hour  when  a 
water  spray  is  placed  on  the  top  to  speed  cooling. 
During  this  time  a  vacuum  is  maintained  on  the 
inside  of  the  retort.  When  the  recorded  temperature 
inside  the  retort  falls  to  600°C  (1110°F),  the  vacu- 
um pumps  are  turned  off  and  the  retort  is  filled  with 
helium  to  increase  the  cooling  rate.  Cooling  of  the 
furnace  is  continued  until  the  recorded  temperature 
reaches  37.5  °C.  The  retort  is  evacuated  again  and 
filled  with  dry  air.  -Another  evacuation  is  made  and 
the  retort  refilled  with  room  air,  which  is  left  in 
the  furnace  for  1  hour  to  condition  the  exposed 
surface  of  the  sponge.  This  conditioning  of  the 
freshly  distilled  sponge  is  necessary  to  minimize 
the  danger  of  burning.  After  the  conditioning  period 
is  over,  the  retort  is  evacuated  again  and  refilled 
with  helium.  The  equipment  is  dis-assembled,  the 
crucible  removed,  and  transferred  to  the  sponge 
handling  unit.  The  salt  can  is  emptied  and  the 
remainder  of  the  equipment  washed  and  dried  in 
preparation  for  another  distillation  cycle. 
Sponge  Handling 

Since  the  reduction  of  zirconium  is  a  batch  pro- 
cess, variations  in  the  sponge  produced  from  run 
to  run  can  be  expected  and  probably  no  two  batches 
have  ever  been  identical.  Differences  are  noted  from 
batch  to  batch  in  the  physical  appearance  of  the 
sponge  and  its  relative  location  in  the  crucible.  How- 
ever, the  distribution  falls  into  a  general  pattern  as 
shown  in  Fig.  41. 

Type  A  sponge  generally  accounts  for  about  35 
per  cent  of  the  weight  of  sponge  from  a  reduction 
and  is  dense  material  appearing  in  massive  chunks. 
It  is  lower  in  magnesium  and  chloride  contamination 
than  the  other  types. 

Type  B  sponge  represents  about  20  per  cent  of 
the  total  weight  of  the  sponge.  It  is  deposited  usually 
as  a  plate  about  %-inch  thick  near  the  bottom  of 
the  crucible  and  is  believed  to  be  formed  during  the 
initial  reaction  of  the  reduction.  It  normally  is  high 
in  iron,  nitrogen,  and  metallic  impurities  except 
magnesium. 

Type  C  sponge  is  a  true  sponge,  being  very  light 
and  porous.  About  35  per  cent  of  the  total  weight 
of  the  sponge  falls  into  this  classification.  Because 
this  type  is  porous  in  structure,  considerable  magne- 
sium and  chlorine  are  entrapped  in  the  pores,  and 
the  impurity  level  of  these  elements  is  high.  How- 
ever, this  type  of  sponge  is  lowest  in  other  impurities 
and  redistillation  will  reduce  the  contamination  by 
magnesium  and  chlorine  to  satisfactory  levels. 

Type  F  sponge  designates  material  from  a  run  in 
which  no  clear-cut  distinction  can  be  made  and  the 
sponge  cannot  be  graded  into  the  usual  types.  All 
of  the  sponge  from  such  a  reduction  is  classified  as 
Type  -F  and  processed  together. 

Approximately  10  per  cent  of  the  total  raw  sponge 
is  rejected  during  cleaning  and  sorting  because  of 


appearance  and  high  impurity.  Normally  this  is 
returned  to  the  chlorinator  for  recycling  in  the 
process. 

When  the  crucible  containing  the  sponge  is  re- 
ceived from  the  reduction  unit,  the  contents  are 
removed  by  using  pry  bars  and  a  50-ton  frame-type 
air  press  and  chisels.  The  C  sponge  usually  can  be 
removed  without  breaking,  but  the  A  and  B  sponge 
must  be  broken  up  before  removal.  Any  black  deposit 
adhering  to  the  A  and  B  sponge  is  removed  by 
buffing  before  crushing.  Pieces  of  sponge  too  large 
to  handle  in  the  crusher  are  cut  with  a  chisel  in  a 
200-ton  hydraulic  press.  Zirconium  in  the  sponge 
state  can  be  ignited  easily  during  handling  and  the 
crucible  is  flooded  with  argon  gas  during  the  removal 
operation  to  minimize  the  fire  hazard.  Sponge  can 
be  shipped  safely  in  a  steel  pail  mounted  in  a  wooden 
box,  provided  the  air  in  the  pail  is  replaced  by  a  noble 
gas. 

The  sponge  is  reduced  to  minus  %  inch  in  a 
gyratory  crusher  and  passed  over  a  vibrating  screen 
to  remove  the  fines.  Each  grade  of  sponge  from 
every  run  is  handled  separately  and  sampled  for 
chemical  and  spectrographic  analyses  for  a  number 
of  contaminating  elements.  To  prepare  the  samples 
for  analysis,  split  samples  of  about  three  pounds  each 
are  briquetted  in  a  4-inch  diameter  die  at  200-tons 
pressure.  Each  briquet  is  drilled  with  a  multiple- 
point  %-inch  drillhead  (six  drills)  and  the  shavings 
are  used  as  samples  for  chemical  and  spectrographic 
tests.  Typical  analyses  for  three  sponge  samples  are 
shown  in  Table  VI. 

Table  VI.     Typical  Analyses  (ppm) 

Sponge 


B 


Chemical 

Fe 

500 

600 

300 

N2 
Mg 

40 
200 

70 
200 

40 
900 

C12 

200 

150 

700 

Spectrographic 

Al 

30 

90 

25 

Mn 

35 

55 

15 

Si 

40 

150 

35 

Ti 

25 

25 

25 

Mo 

*20 

*20 

*20 

Cr 

65 

85 

45 

Cu 

15 

15 

20 

Ni 

13 

12 

12 

Pb 

40 

55 

25 

Sn 

10 

10 

10 

Zn 

*50 

*50 

*50 

B 

0.2 

0.2 

0.2 

Hf 

67 

63 

73 

Cd 

*0.5 

*0.5 

*0.5 

As 

*50 

*50 

*50 

P 

*100 

*100 

*100 

V 

*20 

*20 

*20 

Bi 

*1 

*1 

*1 

Co 

*20 

*20 

*20 

Sb 

*50 

*50 

*50 

Ag 

*0.5 

*0.5 

*0.5 

Be 

*1 

*1 

*1 

"Less  than. 
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In  order  to  obtain  a  large  uniform  batch  of  ma- 
terial for  melting,  small  lots  of  sponge  are  blended 
together  to  form  a  composite  of  2000  pounds  or  more. 
A  specially  constructed  blender  for  this  purpose  is 
shown  in  Fig.  42.  Sponge  lots  are  poured,  one  at  a 
time,  into  a  hopper  above  a  rotating  vibrating  feeder, 
which  discharges  into  a  circular  splitter  of  thirty 
compartments.  Any  split  portion,  representing  one- 
thirtieth  of  the  blend,  can  be  mixed  further  in  a 
stainless  steel  double  cone  mixer,  if  desired. 

Distribution    of    Impurity    Elements 

As  the  zirconium  sponge  is  removed  from  the 
crucible  in  the  sponge  handling  room  it  is  classified 
into  one  of  the  several  types  of  sponge  on  the  basis 
of  its  appearance  and  location  in  the  reduction  cru- 
cible. This  is  purely  an  arbitrary  separation,  based  on 
past  experience  and  knowledge  concerning  the 
sponge  quality.  Each  type  of  sponge  from  an  indi- 
vidual run  is  weighed  and  stored  separately  pending 
chemical  and  spectrographic  analysis  for  impurities. 
Analyses  for  nitrogen,  magnesium,  and  chlorine  are 
made  by  chemical  methods  and  the  concentrations 
of  the  remaining  impurity  elements  are  determined 
spectrographically.  Since  November  12,  1953,  a 
Quantometer  has  been  used  for  spectrographic  deter- 
minations. The  analytical  information  obtained  for 
each  type  of  sponge  for  individual  runs  is  filed  on 
punched  cards.  The  analysis  card  shows  the  run 
number;  grade  of  sponge;  weight  in  kilograms; 
chemical  analyses  in  parts  per  million  for  nitrogen, 
magnesium  and  chlorine ;  and  spectrographic  analyses 
in  parts  per  million  for  aluminum,  copper,  lead, 
chromium,  iron,  manganese,  silicon,  boron  and  haf- 
nium. Cards  covering  a  specific  block  of  production 
runs  may  be  selected  from  the  files,  sorted,  and  tabu- 


lated by  conventional  punched  card  techniques  to 
give  the  desired  information  concerning  the  distribu- 
tion of  the  impurity  elements  in  the  various  grades 
of  sponge. 

The  results  of  a  tabulation  of  1130  combination 
purification-reduction  runs  and  107  redistillation 
runs  of  C  sponge  produced  during  the  period  between 
November  10,  1953  and  June  30,  1954  are  summar- 
ized in  Table  VII.  The  quantity  of  sponge  under 
study  was  69,905  kilograms  and  represented  the 
entire  regular  production  over  the  period  indicated. 
Average  analysis  figures  given  in  the  table  are  not 
weighted  averages  in  the  strict  sense  but  are  very 
nearly  so,  since  the  weights  of  individual  batches 
vary  only  over  a  narrow  range.  Fig.  43  is  a  graph- 
ical representation  of  a  portion  of  Table  VII. 

Tabulations  were  made  for  each  grade  of  sponge 
to  show  the  total  weight  in  each  type  which  would 
meet  the  following  batch  impurity  limits  for  nitrogen, 
iron,  silicon,  and  aluminum  for  P  and  R  grade 
sponge. 

P  Grade:  Nitrogen  150  ppm 

4000  ppm 
200  ppm 
100  ppnr 

R  Grade :  Nitrogen  400  ppm 

4000  ppm 
>200  pprn 
300  ppm 


Reject: 


Nitrogen 
Iron 
Silicon 
Aluminum 

Nitrogen 
Iron 
Silicon 
Aluminum 

Nitrogen 

Iron 

Aluminum 


>400  ppm 

>4000  ppm 

>300  ppm 


No  sorting  of  the  cards  was  made  on  the  basis 
of  the  other  impurity  elements  since  very  little 
difficulty  is  encountered  in  meeting  P  grade  specifica- 


Table  VII.     Weight  Distribution  and  Average  Analyses  By  Grade  and 
Specification    Limits  for  Iron,  Nitrogen,  Silicon,  and  Aluminum* 


Weight  % 
of  grade 

vWeighl  % 
of  total 

Average  Analysis,  p/>m 

Ff 

Nt 

A/g 

M 

CM 

Pb 

Cr 

Mn 

Si 

H 

A  Sponge 

100 

40.0 

P  Grade 

96.8 

38.7 

509 

35 

203 

27 

15 

42 

66 

34 

41 

0.2 

R  Grade 

2.0 

0.8 

505 

208 

314 

35 

15 

40 

53 

35 

105 

0.2 

Reject 

1.2 

0.5 

11,361 

304 

1.146 

42 

32 

66 

42 

131 

45 

0.2 

B  Sponge 

100 

18.1 

P  Grade 

68.2 

12.3 

619 

61 

193 

69 

15 

51 

84 

52 

130 

0.2 

R  Grade 

29.3 

5.3 

647 

94 

176 

150 

14 

59 

89 

58 

180 

0.2 

Reject 

2.5 

0.5 

1628 

649 

421 

99 

18 

95 

60 

58 

167 

0.2 

C  Sponge 

100 

31.1 

P  Grade 

100 

31.1 

288 

38 

207 

26 

18 

23 

43 

15 

35 

0.2 

R  Grade 

Reject 

F  Spouge 

100 

10.8 

P  Grade 

88.0 

9.5 

359 

55 

997 

41 

15 

59 

43 

38 

64 

0.2 

R  Grade 

11.3 

1.2 

342 

192 

1232 

69 

14 

85 

34 

36 

71 

0.2 

Reject 

0.7 

0.1 

300 

885 

4600 

40 

20 

65 

40 

43 

75 

0.2 

*  Sorted  to  P,  R,  and  Reject  on  basis  of  batch  limits  for 
Fe,  N%  Si,  and  Al. 

P  Grade  =  Fe  4000  ppm  or  less;  N8  150  ppm  or  less,  Al 
100  ppm  or  less,  Si  200  ppm  or  less. 


R  Grade  =  Na  >  150  ppm  but  400  ppm  or  less  and/or 
Al>100  ppm  but  300  ppm  or  less  and/or  Si 
>200  ppm. 

Reject  =  Na>150  ppm  but  400  ppm  or  less  and/or 
>300  ppm. 
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51, 

Magnesium  content  of  the  sponge  can  be  reduced 
by  redistillation,  therefore,  if  other  impurity  ele- 
ments are  present  in  quantities  below  P  specification 
limits,  sponge  having  magnesium  contamination  in 
excess  of  1000  parts  per  million  is  redistilled.  All 
C  grade  sponge  is  redistilled.  The  percentage  of  each 
grade  of  sponge  requiring  redistillation  is  shown  in 
Table  VIII. 

Cards  for  each  type  of  sponge  then  were  recom- 
bined,  sorted,  and  separate  tabulations  made  in 
increasing  order  of  concentration  for  iron,  nitrogen, 
silicon,  and  aluminum.  Calculations  were  made  from 
these  tabulations  to  determine  the  cumulative  weight 
per  cent  of  each  type  of  sponge  containing  a  given 
amount  or  less  of  a  specific  contaminating  element. 
These  data  were  plotted  as  the  maximum  contamina- 
tion curve.  Similar  calculations  were  made  for  each 
element  studied  to  determine  the  theoretical  average 
quantity  of  residual  impurity  if  all  of  a  particular 
grade  of  zirconium  with  less  than  a  given  amount 
of  contamination  were  blended  together.  This  infor- 
mation was  plotted  as  the  average  contamination 
curve.  The  maximum  contamination  curve  for  iron, 
for  cleaned  B  sponge  shows  that  about  95  per  cent 
of  this  grade  sponge  contains  1000  parts  per  million 
or  less  of  iron.  Tf  all  of  the  cleaned  B  sponge  con- 
taining 1000  parts  per  million  or  less  of  iron  were 
blended  thoroughly,  the  blend  theoretically  would 
contain  about  530  parts  per  million  of  iron. 

Contamination  of  the  sponge  by  any  one  impurity 


maximum  limits  of  concentration  for  more  than  one 
clement  results  in  a  cumulative  effect  upon  the 
amount  of  material  rejected.  An  example  selected 
from  the  maximum  contamination  curves  for  cleaned 
B  sponge  serves  as  an  illustration  of  this  cumulative 
effect.  The  maximum  limit  of  4000  parts  per  million 
of  iron  for  an  individual  batch  of  sponge  permits 
utilization  of  99.7  per  cent  of  the  cleaned  sponge, 
a  limit  of  150  parts  per  million  of  nitrogen  permits 
utilization  of  about  92  per  cent,  a  limit  of  100  parts 
per  million  of  aluminum  permits  utilization  of  about 
80  per  cent,  and  a  limit  of  200  parts  per  million  of 
silicon  permits  utilization  of  about  88.7  per  cent. 
These  same  maximum  limits  for  the  four  elements, 
when  applied  together,  permit  utilization  of  only 
68  per  cent  of  the  total  cleaned  B  sponge. 

If  the  distribution  of  impurities  in  the  cleaned 
sponge  were  assumed  to  be  completely  random,  then 
the  percentage  of  sponge  that  theoretically  would 

Table  VIII.    Weight  Per  Cent  of  Each  Grade  Sponge 
Requiring    Redistillation 


Grade 

%  of  grade 
to  P  units* 

%  of  P  units         cff 
(M&>1000ppm)     *; 

of  grade  to 

A 

96.8 

2.6 

2.5 

B 

68.2 

3.2 

2.2 

ct 

100 

— 

100 

F 

88.0 

26.3 

23.1 

*Sorted  on  basis  of  batch  limits  for  Fe,  N«,  Al,  and  Si. 
tAH  C  sponge  is  redistilled  as  a  routine  procedure. 
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Table  IX.    Drying  and  Calcining  Data  for  Hafnium 
Hydroxide 


Table  X.     Screen  Analysis,  Hafnium  Oxide 


Product 

Weight, 
pounds 

Per  cent 
moisture 

Per  cent 
moisture 
removed 

Filter  cake 
Oven  dried  cake 
Calcine 

11,194 
3247 
2262 

80 
30 
0 

89 
11 

meet  specifications  would  be  the  product  of  each 
of  the  above. percentage  factors,  or  65.1.  Since  this 
theoretical  figure  is  lower  than  the  actual  yield 
figure  of  68  per  cent,  some  relationship  in  the  occur- 
rence of  two  or  more  of  these  impurities  may  be 
indicated. 

Most  of  the  de-grading  of  the  sponge  during  the 
period  covered  by  this  survey  was  due  to  excessive 
contamination  of  the  sponge  by  aluminum  and  silicon 
and  to  a  lesser  extent  by  nitrogen.  Since  both  silicon 
and  aluminum  are  present  in  the  magnesium  used 
in  the  reduction,  it  is  logical  to  suspect  a  correlation 
between  the  amounts  of  these  impurity  elements 
found  in  the  final  sponge.  Similarly,  some  degree  of 
interrelationship  between  chromium  and  iron  con- 
tamination levels  in  the  sponge  may  exist  as  a  result 
of  attack  upon  the  chromium-iron  crucible. 

Statistical  surveys  such  as  these  are  of  decided 
importance  in  properly  evaluating  the  effect  of 
changes  in  equipment  or  operating  techniques  which 
might  affect  the  final  quality  of  the  sponge  produced. 

PRODUCTION  OF  HAFNIUN 

In  the  production  of  hafnium  metal,  modifications 
in  the  process  have  taken  the  form  of  alterations  or 


Product 

Screen  size 

Weight,  per  cent 

HfO2 

+35 
35/100 
100/200 
-200 

3.6 
13.8 
24.3 
58.3 

100.0 

changes  of  a  partial  character,  of  equipment,  pro- 
cedures and  materials.  Exercise  of  extreme  care 
throughout  the  process  has  been  attained  more  easily 
by  these  modifications,  which  have  made  for  a  rela- 
tively trouble-free  operation. 

The  production  of  hafnium  (Fig.  44),  as  devel- 
oped at  the  Northwest  Electrodevelopment  Labora- 
tory of  the  Bureau  of  Mines,  Albany,  Oregon, 
consists  of  the  following  steps:  (1)  separation  of 
hafnium  compounds  from  zirconium  ores;  (2) 
converting  the  hafnium  to  the  oxide;  (3)  direct 
chlorination  of  hafnium  oxide;  (4)  purification  of 
hafnium  tetrachloride ;  (5)  reduction  of  refined 
hafnium  tetrachloride  with  magnesium  metal;  (6) 
removal  of  magnesium  chloride  (formed  in  the 
reduction  process)  and  the  excess  magnesium  from 
the  hafnium  by  treatment  in  a  vacuum  distillation 
step;  and  (7)  cleaning  and  crushing  of  the  sponge 
in  preparation  for  further  treatment. 

Separation  of  Hafnium  Compounds  from  Zirconium 
Ores  and  Converting  to  the  Oxide 

Commercial  grade  zirconium  tetrachloride  is 
treated  by  a  liquid-liquid  separation  process  to  re- 
move hafnium  and  the  other  impurities.  The  process 
yields  purified  hafnium  hydroxide,  which  is  dried 
and  calcined  to  hafnium  oxide.  A  multiple  deck  elec- 
tric drying  oven  (Fig.  45)  operating  at  175°C  dries 
trays  of  the  hafnium  hydroxide  filter  cake  in  24 
to  36  hours.  Calcining  is  done  in  a  muffle  furnace 
at  800°C  (Fig.  46)  with  little  or  no  hand  rabbling 
so  that  dust  losses  are  negligible. 

Table  IX  gives  the  loss  on  ignition  for  this  step. 

The  cooled  calcine  is  fed  to  a  hammer  mill,  Fig. 
47,  which  discharges  to  a  cyclone  separator  coupled 
to  a  bag  collector.  Dust  losses  are  considered  neg- 
ligible. Screen  analysis  of  the  pulverized  product 
is  shown  in  Table  X. 

Analysis,  by  chemical  and  spectrographic  methods, 
of  the  calcine  and  later  products,  is  given  in  Table 
XL 

Briquets  for  chlorinator  feed  are  made  from  a 
mix  containing  85.5  per  cent  calcined  hafnium 
oxide,  9.5  per  cent  carbon  in  the  form  of  channel 

Table  XI.     Impurities  in  Hafnium  Products  and 
By-products* 


Figure  52.  Cross-stction    of   the   purification    furnace 


Al              Fe               Si 

Zr 

Calcined  HfO2 
Raw  chloride 
Dense  chloride 
Oxide  residue 
Vapor  phase 

100     2200-4100    1000 
80    2100-4400       50 
50     1300-2100       30 
'  500  1.6%-7.1%     500 
500  0.9%-3.8%       50-100 

0.3-2.2%  ; 
Avg.  1.18% 

*Parts  per  million  except  where  given  in  percentage. 
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black,  and  5.0  per  cent  sucrose.  This  mixture  takes 
into  account  that  the  oxide  has  an  average  hafnia 
content  of  98.82  per  cent,  the  chief  impurity  being 
zirconium.  The  channel  black  contains  approximately 
91  per  cent  fixed  carbon  and  9  per  cent  volatile 
matter.  The  oxide  and  sucrose  are  ribbon  mixed 
(Fig.  48),  1.4  liters  of  water  per  100  pounds  of  dry 
mix  is  added,  and  the  carbon  is  blended  into  the 
damp  mix.  This  mix  is  aged  for  four  hours  to 
permit  the  moisture  to  diffuse,  and  then  briquetted 
in  Belgian  rolls  (Fig.  49).  The  Belgian  rolls  form 
a  dense,  hard  briquet,  which  retains  its  shape  well 
in  the  chlorinator  bed.  Briquets  are  dried  for  72 
hours  at  150°C 

Direct  Chlorination  of  Hafnium  Oxide 

The  chlorinator  (Figs.  50  and  51)  is  essentially 
the  same  as  that  described59  for  the  production  of 
anhydrous  zirconium  tetrachloride  by  direct  chlorin- 
ation  of  a  zirconium  oxide-carbon  mixture  in  a 
silica-brick-lined  vertical  shaft  pilot-model  chlorina- 
tor. The  mild  steel  shell  is  lined  with  silica  brick 
to  form  a  vertical  shaft,  with  an  inside  diameter  of 
12  inches  for  a  height  of  22  inches.  Three  graphite 
plates  6  inches  wide  by  12  inches  high  and  2  inches 
thick  are  imbedded  in  the  lining  at  120  degree 
intervals  on  the  same  horizontal  plane,  to  serve  as 
electrodes.  Three-phase  power  is  supplied  by  three 
modified  welding  machines.  On  the  primary  side 
there  is  480  v,  3-phase,  60  cycle;  and  the  tap 
arrangement  makes  it  possible  to  draw  the  power 
from  the  secondary  at  17  volts-600  amp,  34  volts- 
300  amp,  51  volts-200  amp,  or  68  volts~-200  amp. 

The  shaft  above  the  top  of  the  electrodes  is  re- 
duced in  cross  section  to  4  inches.  Two  charging 


ports  are  provided  at  the  top,  one  for  initial  charging 
and  one  for  the  sealed-hopper-type  feeder  used  dur- 
ing the  run.  If  it  is  necessary  to  bar  down  the 
charge  during  the  run,  the  initial  charging  port  is 


Figure  55.  Assembly   of  reduction  furnc 
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Figure  56.  The  furnace  is  bled 

used  to  admit  the  bar.  The  chloride  discharge  pipe 
is  a  graphite  tube  6  inches  inside  diameter  with 
walls  1%  inches  thick,  the  whole  being  covered  with 
a  nickel  tube  from  the  chlorinator  to  the  condenser. 
A  500-watt  insulated  heating  element  wrapped  over 
the  nickel  tube  gives  adequate  heat  at  this  point  to 
prevent  condensation  of  the  chloride. 

Chlorine  gas  is  preheated  by  passing  it  through  a 
coil  of  helically  wound  seamless  steel  tubing  which 
is  immersed  in  a  vat  of  hot  water.  The  chlorine 

Table  XII.     Data  on  Four  Consecutive  Direct 
Chlorination  Campaigns 


J  Product 

Wright,       Hf-Zr  content 
pounds              pounds 

Recovery        Chlorine' 
Hf-Zr        efficiency 

Input 

Oxide 

7347 

5877 

Chlorine 

7592 

Output 
HfCU(raw) 

10227 

56% 

96.9              59.8 

Rovsidues 

315 

142 

2.4 

Losses 

Total 

30 

0.7 

5877 

100.0 

Hours  actual  operation  :936 
Product  pounds  per  hr    :   10.9 
Residue  pulled 


Chlorine  duty 
Power  used 


Chlorine  preheatcr 
Charge  area 
Cross-over  pipe 
Condenser  —  shell  heater 


0.0313  pounds  per  pound  of 
product  (raw  HfCl4) 

0.742  pounds  per  pound  of 
product  (raw  HfCI4) 

0.757  kw  hour  per  pound 
product  (raw  HfCU) 

Poiver  input  and 
temperature  attained 
0.25  kw  95°C 

5.50  kw  750°-1150°C 

0.50  kw  400°~500°C 

2.00  kw  150°-250°C 


Figure  58.  Self-locking    table    in    the    crucible 

enters  the  chlorination  chamber  at  four  different 
elevations  at  or  near  the  three  electrodes  hut,  in  all 
cases,  below  them.  This  has  been  found  advantageous 
in  securing  even  chlorination  throughout  the  charge. 
One  or  more  inlets  may  be  open  at  any  one  time. 
Change  of  inlet  is  indicated  at  any  time  the  three 
recording  thermocouples  indicate  a  cold  spot  in  the 
bed  with  a  corresponding  hot  spot  to  be  found  near 
the  chlorine  inlets  currently  being  used. 

The  condenser  is  a  cyclone  type  made  of  light- 
gauge  nickel  with  a  mild-steel  jacket.  The  space 
between  the  jacket  and  the  inner  shell  is  baffled 
for  circulating  the  pre-heated  air  used  to  maintain 
the  proper  condenser  temperature.  The  waste  gases 
pass  to  an  after-condenser  of  the  same  design  where 
the  last  traces  of  hafnium  chloride  are  removed 
and  then  to  the  scrubbing  towers  of  4-inch  diameter 
Pyrex  glass.  The  first  scrubbing  tower  is  supplied 
with  waste  cooling  water  from  the  chlorinator,  while 
the  second,  packed  for  48  inches  with  1-inch  porce- 
lain Raschig  rings,  functions  with  circulating  2N 
sodium  hydroxide  solution. 

Since  the  first  tower  is  unobstructed  by  packing, 
it  is  easy  for  an  operator  to  observe  the  physical 
properties  of  waste  gases  and  by  close  observation 
of  the  recorded  temperatures  on  the  chlorinator  sys- 
tem power  readings  on  the  electrodes,  and  back 
pressure  on  the  chlorine  feed,  he  can  obtain  a  uni- 
form chlorination  rate. 

A  trickle  flow  of  CO2  gas  is  fed  into  the  gasket- 
sealed  gas-tight  feed  hopper  to  prevent  hafnium 
tetrachloride  from  entering  and  condensing  in  the 
plunger-type  feeder. 

An  air  vibrator  is  attached  to  the  condenser  at 
the  top  near  the  chloride  inlet  for  use  whenever 
the  product  needs  to  be  shaken  loose  from  the  side 
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Figure  57.  Distillation   furnace 
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Figure  59.  A  helium  atmosphere  box  for  cleaning  the  sponge 


walls  to  expose  fresh  condensing  surface.  This 
vibration  has  been  found  to  also  shake  and  loosen 
the  bed  of  briquets  so  that  little  or  no  barring  of  an 
arched  bed  is  found  to  be  necessary. 

The  chlorination  rate  of  10  pounds  of  hafnium 
tetrachloride  per  hour  carries  enough  heat  through 
the  necked-down  shaft  to  keep  the  product  from 
condensing  in  the  entrance  of  the  cross-over  pipe 
and  delivers  the  chloride  to  the  condenser  as  shown 
in  Fig.  51.  The  raw  chloride  produced  is  stored  in 
sealed  55  gallon  drums  to  await  purification.  Data 
from  four  chlorination  runs  are  shown  in  Table  XII. 

Purification  of  the  Raw  Chloride 

AS  described  in  a  previous  publication,60  the  raw 
chloride  is  purified  by  subliming  in  an  inert  atmos- 
phere and  simultaneously  condensing  on  a  water- 
cooled  coil  as  shown  in  Figs.  52  and  53.  Most  of 
the  objectionable  impurities  are  eliminated  in  the 
residue.  The  raw  chloride  is  charged  (with  baffles 
to  promote  heat  transfer)  into  an  Inconel  can  25 
inches  in  diameter  and  40  inches  high.  This  can  and 
chloride  then  are  lowered  into  the  pit-type  furnace 
containing  3  heating  zones,  the  lower  or  subliming 
zone,  the  middle  or  condensing  zone,  and  the  lead- 


Figure  60.  The  sponge   being  crushed 

seal  zone.  A  floating  top  is  immediately  set  in  the 
furnace  and  the  lead-antimony  seal  is  frozen.  Paraf- 
fin added  and  frozen  on  top  of  the  lead  completes 
the  seal  and  the  furnace  is  evacuated  to  25  mm  of 
llg  with  the  lower  zone  set  at  250° C.  The  furnace 
is  back-filled  with  helium  and  after  an  hour  of 
soaking  at  this  temperature  the  evacuation  is  repeated 
This  conditioning  is  to  remove  combined  water 
and  the  more  volatile  chlorides  such  as  the  chlorides 
of  titanium  and  silicon. 

The  lead  seal  is  melted  and  the  lower  zone  tem- 
perature gradually  is  raised  while  the  expanding 
gases  and  volatile  impurities  are  bled  off.  Air  and 
then  water  cooling  is  applied  to  the  coils  to  collect 
the  purified  dense  chloride. 

The  temperature  at  which  sublimation  is  carried 
out  has  been  lowered  and  the  purification  time 
lengthened  from  that  used  in  the  purification  of  zir- 
conium due  to  the  possibility  at  a  high  temperature 
of  carrying  over  oxychloride  to  the  dense  chloride. 
A  temperature  setting  on  the  lower  zone  (subliming 
zone)  of  575°C  has  been  found  adequate  for  main- 
taining the  optimum  rate.  See  data  sheet  in  Table 
XIII,  showing  recoveries  in  each  of  the  steps  of  the 
Kroll  process. 


Figure  61.  Hafnium  sponge 


Figure  62.  Hafnium   sheet 
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Figure  63.  Nonconsumable-electric  melting  furnac 
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Table  XIII.    Data  Sheet  on  Recoveries  for  a   Recent 
Run  in  the  Reduction  Plant 


Pounds 


Per  cent 
recovery 


Purification  Step 


Input:       Raw  HfCl4 

Output:    Weight  of  dense  ingot 
HfO2  (oxide  residue) 

Loss,  handling 


543 

509 

27 


93.7 

5.0 
(recycled) 

1.3 


Input: 


Total 
Reduction  Step 

HfCU  (dense  ingot) 
Magnesium  (40%  excess) 


509 
127 


496 
4 
9 


Output:    Absorbed  HfCU 
Vapor  phase 
Loss,  handling 

Total 
Distillation  Step 

Input:       Net  weight  crucible  contents      623 
Output :    Hafnium  sponge  268 


MgQ2  and  excess  Mg  355 

Over-all  recovery 


100.0 


97.4 
0.8 

L8 

100.0 


96.5  (of 
theo- 
retical 
density) 


88.3 


Reduction 

The  reduction  of  hafnium  tetrachloride  with  mag- 
nesium is  made  in  zirconium  plant  equipment  with- 
out modification. 

After  the  furnace  has  cooled  sufficiently,  the  top 
with  dense  chloride  on  the  coils  is  removed  (Fig.  54) 
and  placed  in  the  reduction  furnace  which  contains 
a  stainless-steel  crucible  25  inches  in  diameter  and 
20  inches  high.  This  crucible  contains  140  per  cent 
of  the  theoretical  magnesium  required  for  reaction 
with  the  dense  chloride  and  is  covered  with  a  baffle 
(as  shown  in  Fig.  55)  to  exclude  any  oxide  residue 
falling  from  the  coils.  The  furnace  is  sealed  as  in 
the  purification  and  evacuated  to  3  mm  of  Hf  with 
water  cooling  maintained  on  the  coils,  then  back 
filled  with  helium.  This  is  repeated,  then  the  lead 
seal  is  melted,  the  lower  zone  set  to  775 °C,  and  the 


floating  top  to  450° C.  Again  the  furnace  is  bled  (Fig. 
56)  as  the  gases  expand  and  the  chloride  begins  to 
sublime.  When  the  magnesium  has  melted,  the  HfCU 
is  sublimed  by  heating  the  middle  zone  and  it  reacts 
with  the  molten  magnesium  in  the  crucible.  The 
sublimation  rate  is  controlled  by  the  middle-zone 
heating  element  and  air  on  the  coils.  During  the 
initial  reaction,  which  lasts  from  4  to  5  hours,  the 
zone  temperatures  are  controlled  by  additions  of 
helium  so  that  the  furnace  runs  50°  C  cooler  than  in 
a  corresponding  zirconium  reduction,  which  is  per- 
mitted to  rise  to  875  °C.  This  has  been  found  to 
give  a  cleaner  reduction,  and  higher  recovery  of 
usable  sponge.  After  the  reduction  is  over  (indicated 
by  the  necessity  of  adding  helium  to  keep  the  top 
floating)  the  zone  temperature  at  the  reduction  cru- 
cible is  raised  to  920° C  and  held  for  one  hour.  Any 
hafnium  sponge  which  may  be  on  the  sidewalls  of 
the  crucible  above  the  magnesium  chloride  cover 
appears  to  be  cleaner  if  this  high-finishing  tempera- 
ture is  employed,  and  reduction  byproducts  are  less 
pyrophoric  when  exposed  to  the  atmosphere  at  the 
time  of  transfer  to  tlie  salt  removal  furnace. 

Vacuum  Distillation 

The  equipment  and  operation  arc  conventional  for 
the  Kroll  process.61 

In  the  reduction  furnace  the  hafnium  sponge  is 
obtained  as  a  magnesium  saturated  paste.  In  the 
distillation  furnace  (see  Fig.  57)  where  the  crucible 
is  inverted,  the  sponge  usually  slumps  and  rests  on 
the  table.  Some  difficulty  is  experienced  in  removing 
the  distilled  sponge  from  the  furnace  because  the 
sponge  remains  on  the  table  rather  than  staying  in 
the  pot  where  it  can  be  protected  from  burning  by 
an  inert  atmosphere.  Due  to  the  pyrophoric  nature 
of  the  material  a  self -locking  table  (see  Fig.  58) 
was  devised  to  take  the  place  of  the  standard  table. 
This  is  placed  in  the  crucible  and  locked  by  two 
crossed  rods  when  the  crucible  is  transferred  from 
the  reduction  to  the  distillation  furnace.  This  self- 
locking  table  prevents  movement  of  the  sponge  mass, 
keeping  it  confined  within  the  crucible,  and  conse- 
quently prevents  fires  as  the  crucible  is  being  han- 
dled after  distillation. 

Before  the  retort  is  opened  the  sponge  is  condi- 
tioned with  air.  This  conditioning  process  begins 
at  about  37°C  (99°F)  and  is  necessary  to  pacify 
the  sponge  surface  so  it  will  not  ignite  upon  exposure 


Table  XIV.     Analysis  of  Three  Test  Lots  of  Metal 


Sample        Zr        w  ..__ 
No.          Hf+Zr  x  *°° 


I'C 


a 


Al 


Cn 


Pb 


Zn 


Cr 


Co 


1. 

2. 
3. 

1.4 
1.4 
1.3 

650 
850 
950 

400 
400 
400 

10 
20 
30 

150 
100 
200 

30 
30 
50 

100 
100 
50 

30 
30 
20 

<5 

<5 

50 

100 
100 
<5 

<10 
<10 
<10 

Mn 

Ni 

.Si- 

Ti 

V 

Mo 

Cd 

B 

Sn 

30 
30 
30 

<5 
<5 
<5 

lOO 
100 
20 

<50 
<50 
<50 

<20 
<20 
<20 

<10 

0.5 
0.5 
<0.05 

0.3 
0.2 
0.2 

5 
5 
<5 
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Figure  64.  Consumable-electric  melting  furnace 
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to  the  normal  atmosphere.  To  condition  a  charge, 
dry  air  is  admitted  slowly  into  the  retort  while  the 
temperature  is  watched  carefully.  When  atmospheric 
pressure  is  reached  the  air  is  immediately  pumped 
out  again.  Room  air  then  is  admitted  slowly  and 
allowed  to  remain  for  one  hour  before  being 
pumped  out.  The  retort  then  is  filled  with  helium 
and  is  ready  to  open.  This  conditioning  period  re- 
quires approximately  4  hours  which  is  1  hour  longer 
than  is  required  for  zirconium. 

Sponge    Handling 

A  helium  atmosphere  box  (Fig.  59)  for  cleaning 
the  sponge  is  equipped  with  a  power  driven  buffer. 
All  sponge  which  had  been  in  contact  with  the  cru- 
cible or  table  is  cleaned  by  wire  brushing;  and  the 
sponge  crushed  and  sized  without  the  benefit  of  an 
inert  atmosphere  (see  Fig.  60).  The  exercise  of 
extreme  care  in  all  operations  consistently  produces 
a  sponge  similar  in  appearance  and  ease  of  handling 
to  zirconium  sponge.  Very  carefully  controlled  runs 
give  a  higher  efficiency  and  the  sponge  shows  crystal 
growth  more  nearly  equal  to  zirconium. 

Hafnium  sponge  (Fig.  61)  is  melted  by  con- 
sumable electrode  arc  methods  and  the  ingots  forged 
and  rolled  to  sheet  as  shown  in  Fig.  62.  All  metal 
had  a  hardness  of  Rc  20  to  25  which  is  indicative  of 
oxygen  contamination.  At  such  hardnesses  the  metal 
may  not  be  considered  cold  ductile.  The  sponge  can 
be  purified  by  the  iodide  dissociation  method  to  give 
metal  having  a  reported  hardness  of  Kb  78. 

Analysis  of  three  test  lots  of  metal  is  listed  in  Table 
XIV. 

All  residues  and  metal  scrap  were  burned  in  large 
porcelain  dishes  to  hafnium  oxide  for  recycling  in 
the  process. 

MELTING 

To  the  melter,  zirconium  presents  three  distinct 
difficulties :  ( 1 )  it  is  extremely  reactive  in  the  molten 
state;  (2)  it  getters  all  gases  except  the  noble  gases; 
and  (3)  sponge,  upon  heating,  exhibits  extreme 
spattering  and  boiling  as  the  volatiles  are  released 
from  the  pores. 

In  the  molten  state  zirconium  approaches  a  uni- 
versal solvent  and  the  choice  of  a  suitable  refractory 
crucible  is  a  difficult  one.  It  is  agreed  generally  that 
highly  fired  thoria  is  one  of  the  most  satisfactory 
crucible  materials,  although  it  too  is  slightly  soluble 
in  the  molten  metal.  In  addition,  it  is  scarce  and 
expensive.  Highly-fired  beryllia  is  fairly  resistant 
to  attack,  but  the  hardening  effect  of  small  amounts 
of  beryllium  in  zirconium  eliminates  its  use.  Dense 
grades  of  graphite  may  be  used  if  small  quantities  of 
carbide  can  be  tolerated. 

Melting  Methods 

Two  commercial  techniques  are  available  to  melt 
zirconium,  cold-crucible  melting,  and  refractory- 
crucible  melting.  Cold-crucible  melting  is  accom- 
plished with  electric-arc  heating  from  either  a  zir- 
conium consumable  electrode,  or  a  fixed  electrode 


y///////////. 


Figure  66.  Remelt  furnace 
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such  as  carbon  or  tungsten.  Refractory  crucibles  may 
be  heated  by  direct  or  indirect  arc,  electric  induction, 
or  resistance.  The  Bureau  of  Mines  employs  the 
consumable-electrode  cold-crucible  method  for  pro- 
duction melting  because  it  eliminates  the  crucible 
and  electrode  as  sources  of  contamination,  and  is 
adapted  readily  to  inert  atmosphere  conditions.  Jn 
addition,  the  non-consumable  cold-crucible  method 
and  the  resistance-heated  graphite  crucible  techniques 
are  used  for  small-scale  work. 

Non-Consumable  Electrode  Arc  Melting 

Kroll's  original  variation  of  von  Bolton's  furnace 
included  the  use  of  a  tungsten  non-consumable  elec- 
trode and  the  original  arc  melting  of  zirconium  was 
carried  out  at  the  Bureau  of  Mines  in  a  similar 
furnace  utilizing  a  water-cooled  tungsten  electrode.03 

The  furnace  in  present  use  is  pictured  in  Fig.  63. 
As  indicated,  the  essential  parts  include  ( 1 )  a  vacu- 
um tank,  (2)  a  vibrating  feed  hopper,  (3)  the  vacu- 
um line,  (4)  copper  crucible,  (5)  the  tungsten 
electrode,  (6)  eye  piece,  (7)  O-ring  gland,  (8) 
negative  power  connection. 

Directional  control  of  the  arc  is  effected  by  a 
large  hand-manipulated  alnico  horseshoe  magnet 
controlled  by  the  furnace  operator.  A  high  frequency 
unit  is  placed  in  the  electrode  side  of  the  dc  circuit 
to  assist  in  establishing  the  arc.  The  copper  crucible 
is  made  from  standard  copper  pipe  with  brazecl-in 


Figure   67.    Graphite-resistor    melting    furnace:    (1)   eye    piece;    (2) 

condenser;  (3)  molybdenum  shield;  (4)  quartz  shield;  (5)  graphite 

shield;   (6)   resistor;   (7)   power   leads;   (8)   mold;    (9)    vacuum    line; 

(10)  hot  top;  (11)  crucible 


collar-top  and  bottom.  The  arrangement  permits  the 
use  of  several  sizes  of  cups  to  make  melts  varying 
in  weight  from  15-gram  buttons  to  25-pound  ingots 
with  no  change  of  water  jacket. 

Iodide  process  crystal  bar  may  be  melted  without 
difficulty  in  this  type  furnace03.  However,  the  melting 
of  Kroll  process  sponge  is  not  such  a  simple  matter, 
since  even  small  amounts  of  magnesium  chloride 
causes  the  molten  pool  to  boil  and  spatter.  This 
spattering  causes  drops  of  zirconium  to  adhere  to 
the  electrode  where  they  alloy  with  the  tungsten,  and 
finally  fall  into  the  melt.  Actually  only  a  small  con- 
tamination results,  and  if  the  tungsten  could  be  dis- 
tributed evenly  through  the  ingot  no  serious  defects 
would  result.  This  is  not  the  case,  however.  The 
zirconium-tungsten  alloy  does  not  dissolve  complete- 
ly, but  remains  as  distinct  inhomogencities,  which 
cause  hard  spots  when  the  ingots  are  reduced  to 
sheets.  Continued  rolling  often  results  in  tears  in 
the  thin  sheet. 

In  addition  to  the  tungsten  tips,  thoriated  tungsten, 
carbon,  and  tantalum  have  been  used,  with  varying 
degrees  of  success.  Rapid  erosion  and  accompanying 
ingot  contamination  eliminates  the  use  of  carbon 
and  tantalum.  In  practice  thoriated  tungsten  tips 
are  favored  by  the  operators  because  lower  arc 
temperatures  result  in  lowered  electrode  consumption 
and  contamination. 

At  the  Bureau  of  Mines  tungsten-arc  melting  has 
been  used  extensively  in  preparing  small  buttons  for 
analysis  and  testing. 

When  a  base  plate  containing  several  depressions 
is  used,  the  method  is  especially  adaptable  to  the 
preparation  of  alloys  for  phase  diagram  work.  In 
this  way  several  50-gram  buttons  may  be  melted 
without  opening  the  furnaces.  Generally,  the  alloy 
is  made  by  compacting  sponge  and  alloying  material, 
melting,  turning  the  button,  and  remelting. 

Consumable-Electrode  Arc  Melting 

Despite  the  convenience  and  neatness  of  the  tung- 
sten or  inert  electrode  type  furnace,  the  possibility 
of  electrode  contamination  eliminates  its  use  as  a 
practical  production  furnace,  and  modern-day  efforts 
in  melting  development  lean  toward  consumable- 
electrode  arc  melting. 

The  success  of  this  technique  depends  to  a  large 
extent  upon  the  availability  of  a  sponge  compacting 
device.  The  Bureau's  efforts  have  been  facilitated 
greatly  by  the  use  of  a  large  triple-action  powder- 
metallurgy  press  for  the  production  of  2X2X20- 
inch  compacts  at  a  pressure  of  50  tons  per  square 
inch. 

Salient  features  of  the  furnace  in  use  at  present 
are  shown  schematically  in  Fig.  64:  (1)  a  sponge 
compact,  (2)  a  guide,  (3)  gloves,  (4)  welding  elec- 
trode, (5)  steel  drive  roll,  (6)  copper  contactor 
roll,  (7)  ingot,  (8)  alloy  feeder,  (9)  solenoid. 

Continuous  feeding  is  dependent  on  a  method  of 
joining  the  bars,  since  they  are  limited  in  length. 
This  is  accomplished  by  placing  a  stock  of  bars  in 
a  vacuum-tight  tank  mounted  on  top  of  the  furnace 
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and  welding  them  together  as  they  are  inserted  into 
the  feeding  rolls.  Welding  is  done  with  tungsten 
electrodes  with  an  input  of  25  volts  and  100  amperes 
direet  current.  The  electrical  resistance  of  the  joint 
section  between  two  bars  joined  by  inert-atmosphere 
tungsten-arc  welding  is  less  than  that  of  an  equiv- 
alent length  of  pressed  bar. 

A  mechanical  feeding  device  is  provided  to  permit 
an  easily  advanced  electrode  feed.  Essentially  this 
mechanism  consists  of  a  set  of  steel  feed  rolls 
actuated  by  a  manual  or  motor-driven  source,  and 
a  pair  of  water-cooled  copper  rolls  which  act  as 
electrical  contacts  for  the  power  supply.  An  "ex- 
ploded" sketch  of  the  apparatus  is  shown  in  Fig.  65. 

The  melting  crucible  is  fabricated  from  standard 
4,  5,  6,  8,  or  10-inch  standard  copper  pipe  with  wall 
thicknesses  of  %6  to  %0  inch.  The  water  jacket 
around  the  coil  is  made  from  a  non-magnetic  material 
to  permit  the  use  of  a  solenoid  consisting  of  a  few 
thousand  turns  of  No.  20  magnet  wire  wound 
directly  on  the  water  jacket.  This  provides  a  gentle 
stirring  action  to  the  pool  of  molten  metal  directly 
below  the  arc,  and  tends  to  center  the  arc.  The 
quantity  of  cooling  water  varies  with  the  diameter 
of  the  crucibles ;  the  larger  sizes  often  requiring  as 
much  as  120  gallons  per  minute. 

Since  the  crucible  serves  as  one  electrode  it  must 
be  insulated  from  the  upper  part  of  the  furnace 
containing  the  power  input  rolling  contacts.  Power 
for  melting  is  supplied  by  a  series  of  800  amp  seleni- 
um welding  rectifiers  which  operate  from  a  3 -phase 
440  volt  line.  This  power  supply  provides  a  flexible 
source  of  energy  for  melting  and  can  operate  con- 
tinuously at  60  per  cent  of  the  rated  output. 

Provision  is  made  for  continuous  alloy  additions 
during  melting  by  metering  to  the  melt  powdered 
metal  compacts  or  tablets  from  an  auxiliary  tank. 
For  normal  operation  two  men  are  required,  a  bar 
joiner  who  places  the  bars  in  the  guides  and  welds 
the  joints,  and  the  melter,  who  controls  the  electrode 
feed  in  order  to  maintain  an  optimum  melting  rate. 

Power  input  remains  fairly  constant  for  any  size 
ingot.  Satisfactory  ingots  may  be  made,  by  using 
the  following  power  inputs : 

Ingot  diameter,  inches 
Power  input,  volts 
Amperes 

Ingot  diameter,  inches 
Power  input,  volts 
Amperes 

The  power  input  may  be  increased  above  this  level 
in  order  to  speed  up  the  melting  rate  (a  maximum 
of  40  volts,  4000  amps  has  been  used  without  diffi- 
culty in  the  production  of  5-inch  ingots).  A  gradual 
cut-back  in  energy  input  prior  to  ending  the  melt 
prevents  shrinking  or  "piping"  in  the  ingot.  The 
average  power  consumption  for  melting  zirconium 
is  about  0,25  kwh  per  pound. 

For  the  production  of  homogeneous  alloys  double 
melting  is  practiced.  Ingots  produced  in  the  furnace 
shown  in  Fig.  64  are  faced  on  the  ends,  and  drilled 
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Figure  68.  Graphite-resistor   furnace,   disassembled 

and  tapped  to  receive  a  1-inch  stud  screw.  Several 
ingots  then  are  joined  end  to  end  with  zirconium 
connectors  and  remelted  in  reduced  pressure  atmos- 
phere in  equipment  shown  in  Fig.  66.  The  parts 
numbered  are  described  as  follows :  ( 1 )  first-melted 
ingots  connected  end  to  end,  (2)  water-cooled  copper 
rod,  (3)  a  winch,  and  (4)  the  O-ring  gland.  In 
operation  the  furnace  is  simple,  having  no  moving 
parts  except  the  electrode  itself.  Ten-inch  diameter 
ingots  weighing  as  much  as  600  pounds  are  cast 
easily  by  this  procedure. 

The  removal  of  the  occluded  hygroscopic  salts 
from  the  side  wall  of  the  first-melt  ingots  by  scalping 
reduces  contamination  to  a  minimum.  A  nitrogen 
pick-up  of  10  parts  per  million  is  considered  higher 
than  normal.  Finished  ingots  generally  contain  about 
0.1  per  cent  oxygen  and  0.005  per  cent  nitrogen. 

Consumable  electrode  ingots  generally  require 
scalping  before  hot  working.  Machining  in  a  lathe 
removes  the  majority  of  sidcwall  and  end  imperfec- 
tions. Some  grinding  may  be  necessary  for  local 
flaws. 

The  resulting  ingots  are  inspected  by  ultrasonic 
reflectoscope  and,  wherever  possible,  all  internal  dis- 
continuities are  removed. 

Resistor  Furnace  Melting 

Melting  furnaces  heated  by  graphite  resistors 
have  been  utilized  for  melting  zirconium,  and  are 
valuable  especially  for  melting  skulls  and  odd-shaped 
pieces  which  cannot  be  made  into  consumable  ingots. 


548 


VOL.  VIII         P/533         USA         S.  M.  SHELTON  et  al. 


Figure  69.  Graphite    mold   and    zirconium    casting 

An  economically  operated  single-phase,  split-tube 
graphite-resistor-type  batch  furnace  was  used  suc- 
cessfully for  most  of  the  early  zirconium  melting 
at  Albany,  Oregon.64  Later  an  improved  furnace 
which  utilized  two  phase  current  and  was  capable 
of  melting  larger  charges  was  developed.65  It  is 
essentially  a  resistance-heated  graphite  shell  enclosed 
in  a  steel  sleeve.  The  sketch  (Fig.  67)  gives  the 
details  of  the  assembly.  Figure  68  is  a  photograph  of 
the  disassembled  furnace,  and  shows  the  component 
parts. 

The  heating  element  is  a  graphite  tube  having 
equally  spaced  slots  extending  from  the  bottom  to 
within  one  and  one-half  inches  of  the  top.  The  lower 
or  slotted  end  of  the  tube  is  connected  mechanically 
and  electrically  to  the  four  copper  quadrants  by 
means  of  solid  copper  wedges.  Power  is  supplied 
by  a  two-phase-Scott-connected  transformer  of  75kw 
capacity,  and  fed  through  the  base  plate  of  the  fur- 
nace by  four  water-cooled,  vacuum-tight,  insulated 
seals. 

In  production,  all  of  the  melting  is  done  in  a  vacu- 
um of  about  20  to  100  microns.  However,  an  inert 
gas  atmosphere  could  be  used,  although  the  power 
consumption  will  be  greater  due  to  increased  heat 
dissipation.  When  sponge  was  melted,  the  charge 
was  compressed  into  briquets  in  order  to  increase 
the  furnace  capacity. 

The  crucible,  by  necessity,  is  made  of  graphite. 
Several  grades  have  been  tried,  the  most  satisfactory 
being  a  dense  A.U.C.  grade  material.  Machined  from 
solid  stock,  the  crucible  is  about  5  inches  in  diameter 
and  10  inches  high  with  %-inch  walls.  Several  pour- 
ing holes  are  drilled  in  the  bottom  and  a  small 
graphite  cross  is  wedged  just  above  the  holes  to 
reduce  the  vortex  as  the  metal  pours  from  the 
crucible. 

In  practice,  the  melting  proceeds  from  the  center, 
upward  and  downward,  the  bottom  reaching  the 
pouring  temperature  last  due  to  the  cooling  effect 
of  the  bottom  plate.  When  all  of  the  charge  has 
melted,  the  metal  drains  into  the  mold  below.  This 
mold  is  a  tapered  graphite  cup  with  a  removable 
bottom.  A  removable  collar  which  acts  as  a  funnel 
and  hot-top  surmounts  the  mold  and  is  lost  with 
each  melt.  The  collar  extends  above  the  mold  through 
a  hole  in  the  resistor  and  into  the  heated  part  of  the 


furnace.  It  is  effective  in  reducing  ingot  piping  since 
the  top  of  the  casting  remains  liquid  while  the 
balance  of  the  metal  solidifies  in  the  mold.  The  molten 
metal  does  not  wet  the  cold  mold,  permitting  its 
easy  removal ;  however,  the  metal  clings  tenaciously 
to  the  hot  top,  and  it  has  to  be  removed  by  machining. 

Since  the  furnace  operates  in  a  vacuum,  any 
volatiles  contained  in  the  sponge  are  eliminated.  This 
material  is  collected  in  a  water-cooled  graphite  tube 
which  extends  from  the  center  of  the  crucible  cover. 
In  addition  to  zirconium,  the  somewhat  pyrophoric 
dust  contains  manganese,  calcium,  magnesium,  and 
magnesium  chloride. 

In  addition  to  producing  ingots,  this  type  furnace 
is  readily  adaptable  for  casting  accurate  shapes. 
Graphite  molds  arc  required;  otherwise  no  difficul- 
ties are  encountered.  A  mold  and  casting  are  shown 
in  Fig.  69. 
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Figure  70.  Induction  melting  furnace  (Sutton,  Gee,  and  DeLong): 
(1)  balloon;  (2)  3  in.  X  30  in.  dia  graphite  plate;  (3)  water- 
cooled  copper  coil;  (4)  aluminum  support;  (5)  argon  inlet;  (6) 
sight  glass;  (7)  graphite  bushing;  (8)  poke  rod;  (9)  sheet  steel 
feed  connection;  (10)  hopper;  (11)  argon  inlet;  (12)  sight  glass; 
(13)  feed  poke  rods;  (14)  graphite  feed  tube;  (15)  argon  vent 
tube;  (16)  !/2  in.  transite;  (17)  graphite  melting  pot;  (18)  18  in. 
dia  silica  shell;  (19)  water  cooled  copper'  coil;  (20)  porous  carbon 
blocks;  (21)  1  in.  transite;  (22)  %  in.  dia  hangers;  (23)  argon 
inlet;  ,(24)  threaded  graphite  sleeve;  (25)  removable  raphite  sleeve; 
(26)  graphite  mold;  (27)  graphite  plug;  (28)  jack 
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The  furnace  described  has  a  capacity  of  sixteen 
20-pound  ingots  per  24-hour  day.  A  typical  operating 
schedule  is: 


Unload  and  recharge 
Rough  vacuum  pump 
Main  vacuum  pumps 
Heat  and  pour 
Cool 

Total 


Minutes 

5 

5 

25 
25 
30 
90 


The  only  major  source  of  contamination  is  from 
the  crucible.  Unlike  titanium,  which  dissolves  as 
much  as  two  per  cent  carbon,  the  maximum  content 
of  zirconium  is  always  much  lower.  The  usual  carbon 
pick-up  amounts  to  0.15  to  0.25  per  cent.  In  a  test 
ingot  remelted  six  times,  the  carbon  did  not  exceed 
0.35  per  cent.  The  resulting  carbide  appears  as 
randomly  distributed  stringers  within  the  grains. 
Under  normal  working  methods  the  stringers  are 
broken  and  scattered  and  do  not  affect  materially 
the  mechanical  properties  of  the  metals.  Except  for 
some  nuclear  uses  which  demand  high  corrosion 
resistance  the  presence  of  this  small  amount  may  be 
acceptable. 

Induction   Furnace  Melting 

Induction  melting  of  zirconium,  although  possible, 
is  not  likely  to  be  adopted  commercially  for  several 
reasons :  ( 1 )  it  is  essentially  a  batch  process,  limited 
in  size  by  the  melting  crucible;  (2)  carbon  crucibles 
must  be  used,  with  the  inevitable  addition  of  carbon ; 
and  (3)  the  limited  life  of  the  graphite  casting 
mold  unnecessarily  increases  the  cost  of  the  metal. 
Sutton,  Gee,  and  DeLong00  have  described  an  induc- 
tion furnace  for  melting  titanium  which  would  be 
suitable  for  zirconium.  It  is  shown  in  Fig.  70.  In 
operation,  the  outlet  crucible  is  plugged  with  a  piece 
of  metal  and  the  crucible  and  hopper  are  filled  with 
sponge ;  the  entire  system  is  flushed  with  helium  or 
argon.  The  crucible  is  heated  and  as  the  charge  melts 
additional  sponge  is  fed  from  the  hopper.  When  the 
desired  amount  of  metal  has  been  melted,  the  tapping 
coil  is  energized  and  the  molten  metal  drains  into 
the  graphite  mold. 

A  swirling  action  resulting  from  the  induced  field 
continually  washes  the  walls  of  the  melting  crucible 
and  encourages  carbon  pick-up.  This  contamination 
is  held  to  a  minimum  by  melting  the  charge  as  rapidly 
as  possible  without  allowing  the  charge  to  become 
super-heated,  and  pouring  as  soon  as  a  suitable  cast- 
ing temperature  is  reached. 

Bureau  of  Mines  work  has  been  confined  to  small 
scale  experiment.  Only  a  limited  amount  of  work 
has  been  done,  however ;  most  attention  being  directed 
to  more  attractive  methods. 

Present  day  experience  with  high-capacity  contin- 
uous arc-melting  furnaces  appears  to  have  surpassed 
the  induction-melting  techniques,  and  it  is  not  likely 
that  the  method  will  find  extended  use  as  a  means 
of  melting  zirconium  sponge  or  scrap. 
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Process  for  Separation  of  Zirconium  and  Hafnium 


By  J.  Hure,*  and  R.  Saint-James, t  France 

A  number  of  processes  for  zirconium-hafnium 
separation  have  been  mentioned  in  the  literature 
(precipitation,  crystallization,  fractional  distillations, 
extraction  of  various  compounds). 

Of  all  these  processes,  countercurrent  extraction 
by  a  solvent  seems  to  us  the  one  most  easily  usable 
on  an  industrial  scale. 

We  know  that  tributyl  phosphate  extracts  a  num- 
ber of  metallic  compounds:  uranyl,  thorium,  and 
cerium  nitrates  and  various  thiocyanates.  It  therefore 
seems  reasonable  to  study  the  possibilities  of  tributyl 
phosphate  in  this  field.  As  it  happens,  other  separa- 
tions with  this  solvent  have  been  studied  in 
various  laboratories  of  the  Commissariat  a  1'Energie 
Atomique. 

Tributyl  phosphate  is  a  rather  viscous  solvent, 
whose  density  is  near  that  of  water.  It  must  be 
diluted  in  order  to  make  decantation  easier.  De- 
aromatized  white  spirit  was  finally  chosen  as  the 
diluent:  this  is  a  liquid  with  a  low  specific  gravity 
(0.74)  ;  chemically  inert  to  nitric  acid,  at  least  in 
the  cold;  insoluble  in  water;  and  of  low  toxicity. 
It  should,  however,  be  mentioned  that  its  flash  point 
is  26°  C.  For  safety  reasons,  we  chose  a  fraction 
with  a  relatively  low  vapor  tension  (distillate 
between  140  and  190°C). 

I.     STUDY  OF  SEPARATION  CONDITIONS 

Preliminary  tests  showed  that  a  nitrate  medium 
seemed  most  favorable  to  extraction ;  but  many 
other  factors  enter  into  the  separation  process. 
We  studied,  in  succession,  the  influence  of  the 
acidity,  that  of  the  NO3~~  concentration,  the  role 
of  the  cation  accompanying  the  NOa~  ion,  and 
finally  the  influence  of  the  zirconium  concentration 
of  the  solution. 

The  main  conclusions  of  this  study  may  be 
simply  summarized:1  Nitric  acid  favored  both  the 
extraction  of  the  zirconium  and  that  of  hafnium 
(Figs.  1  and  2).  Sodium  nitrate  favors  zirconium 
more  than  hafnium.  At  equal  concentration,  am- 
monium nitrate  is  a  less  effective  salting-out  agent 
than  sodium  nitrate.  However,  if  its  concentra- 
tion in  the  solution  is  increased,  the  increase 
of  azr  is  accompanied  by  a  decrease  in  the  ratio 
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£  =  azr/anf.  Calcium  nitrate  has  the  drawback  of 
yielding  rather  viscous  solutions,  which  are  un- 
desirable when  liquid-liquid  countercurrent  flow  is 
contemplated.  Furthermore,  it  decreases  even  more 
the  low  solubility  r.f  zirconium  ki  a  nitrate  medium. 

The  greatest  number  of  experiments,  however, 
dealt  with  the  role  of  the  zirconium-salt  concentra- 
tion of  the  solution.  As  a  general  rule,  the  extrac- 
tion of  zirconium  decreases  as  the  concentration 
increases.  Nevertheless,  the  values  obtained  vary 
with  the  history  of  the  solution:  depending  on 
whether  the  solutions  were  diluted  by  renewed 
extractions  or  by  the  addition  of  a  NaNOs-HNOs 
mixture  with  a  composition  similar  to  that  of  the 
initial  solution. 

It  is  a  noteworthy  fact  that  the  extraction  of 
hafnium  follows  that  of  zirconium,  and  that  beyond 
a  concentration  of  5  gm  of  zirconium  per  liter,  the 
coefficient  of  separation  ft  is  virtually  invariable 
(Figs.  3  and  4).  This  remark  applies  at  least  to 
solutions  containing  zirconium  and  hafnium  in  the 
ratio  Hf/Zr  =*  2%.  Finally,  when  a  45  gm/1  aqueous 
solution  of  zirconium  is  shaken  with  a  mixture  of 
tributyl  phosphate  and  white  spirit  (60%  tributyl), 
we  find  after  decantation  the  appearance  of  a  third 
phase,  apparently  of  the  white  spirit.  This  phenom- 
enon has  been  pointed  out  in  the  case  of  thorium.  It 
seems  that  the  phenomenon  appears  at  much  lower 
concentrations  for  zirconium. 

II.     WASHING  THE  SOLUTION 

The  zirconium  extracted  by  the  solvent  still  con- 
tains 0.1%  of  hafnium  approximately.  Rewashing 
this  solvent  with  the  NaNO3-HNOs  mixture  used  by 
us  up  to  the  present  time,  might  logically  be  ex- 
pected to  produce  re-extraction  by  the  aqueous  phase 
of  a  portion  of  the  zirconium  and  hafnium  contained 
in  the  solvent,  the  extraction  coefficients  azr  and  «Hf 
keeping  the  same  values  as  in  the  preceeding  opera- 
tion. This  leads  to  a  further  purification  of  the 
zirconium. 

III.     RECOVERY  OF  PURIFIED  ZIRCONIUM 

The  recovery  can  be  performed  by  washing  with 
water  or  using  a  solution  of  some  electrolyte.  It  is 
also  conceivable  to  use  a  complex-forming  agent 
such  as  a  fluoride,  but  this  raises  questions  of  equip- 
ment, in  addition  to  being  rather  expensive,  and, 
furthermore,  would  prevent  further  precipitation 
of  the  zirconium. 
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Figure  1.  Extraction  of  Zr  and  Hf  as  functions  of  the  acidity 

At  all  events,  the  recovery  problem  is  rather  deli- 
cate. In  point  of  fact,  the  zirconium  seems  to  go 
through  a  process  of  evolution  in  the  nitrate  solvent, 
although  the  reasons  for  this  aging  and  its  details 
have  not  yet  been  determined.  The  net  effect  is  to 
prevent  complete  recovery  of  the  zirconium  con- 
tained in  the  solvent.  At  the  present  time,  water 
washing  must  be  performed  directly  upon  leaving 
the  mixer-settler. 

IV.     SOLVENT  RECYCLE 

It  appears  to  be  possible  to  perform  at  least  ten 
cycles  with  the  solvent,  simply  washed  in  water  and 
reacidified.  At  the  present  time,  the  loss  of  tributyl 
phosphate  by  dissolution  in  the  water  or  partial 
hydrolysis  is  of  the  order  of  2%.  However,  the 
difficulties  encountered  are  of  a  different  nature :  as 
the  recycles  mount  up,  the  emulsion  requires  more 
and  more  time  to  break  up. 

V.      PILOT  PLANT  (SEE  "FLOW  SHEET",  FIG.  5) 

On  the  pilot  level,  we  now  work  under  the  fol- 
lowing conditions : 

Zirconium  solution  containing  30  grams  of  zir- 
conium per  liter,  3  moles  of  nitric  acid  per  liter,  and 
3.5  moles  of  sodium  nitrate  per  liter. 

Solvent  containing  60%  of  tributyl  phosphate, 
40%  of  white  spirit  (by  volume),  and  1.6  mole  of 
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Figure  3.  Extraction  of  Zr  and  Hf  as  functions  of  the 
amount  of  Zr  present 

nitric  acid  per  liter,  also  water  in  the  amount  carried 
along  on  acidification,  equal  to  about  3%. 

Washing  solution  containing  3  moles  of  nitric  acid 
per  liter  and  3.5  moles  of  sodium  nitrate  per  liter. 

Although  the  extraction  coefficient  «Zr  varies  with 
the  zirconium  concentration,  some  approximate 
evaluation  can  be  made  by  supposing  a  constant  and 
equal  to  1.5;  it  is  likewise  assumed  that  the  ratio 
of  the  rates  of  flow  of  the  solvent  and  the  aqueous 
phase  V /V  =  1  in  the  extraction  process.  If  x±  is 
the  zirconium  concentration  in  the  residual  aqueous 
phase,  and  #n  +  i  the  zirconium  concentration  at  the 
intake  of  the  apparatus,  which  is  supposed  to  be 
equivalent  to  n  theoretical  trays,  then  by  a  well- 
known  calculation,  we  find  that : 


If  we  take  a  yield  of  90%,  with  V  equal  to  V9,  it 
is  possible  to  calculate  the  number  of  theoretical  trays 
required  for  satisfactory  operation : 
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9         (1.5)" -1 
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Since  we  also  know  that  the  zirconium  extracted  in 
this  way  contains  about  0.1%  of  hafnium,  and  that 
the  degree  of  purity  desired  is  0.01%  of  hafnium, 
and  taking  aHf  to  be  constant  and  in  the  neighborhood 
of  0.11,  with  the  rate  of  flow  equal  to  0.5  in  the 
washing  operation,  it  is  possible  in  the  same  way  to 
calculate  the  number  of  theoretical  trays  required. 
We  find:  1  <  n  <  2. 

We  would  therefore  need  six  theoretical  trays  to 
conduct  the  entire  purification  process  with  a  90% 
zirconium  yield. 

The  apparatus  employed  is  a  mixer-settler  com- 
prising nine  elements,  each  having  a  capacity  of  15 
liters  and  an  efficiency  of  about  0.75  theoretical 
trays. 

Mixture  of  the  phases  is  effected  in  each  mixer 
by  a  centrifugal  pump,  which  at  the  same  time 
circulates  the  emulsion.  The  decanted  phases  run 
into  the  next  mixing  compartment  by  an  overflow 
system.  Since  the  total  output  is  200  liters/hour,  the 
average  tray  in  each  thickener  is  (15/200)  X  60  = 
4%  minutes. 

Six  elements  are  devoted  to  extraction  and  three 
to  washing. 

Under  the  conditions  mentioned  above,  and  with 
the  apparatus  employed  at  the  present  time,  it  is  pos- 
sible to  produce  1  kg  of  zirconium  per  hour,  contain- 
ing less  than  0.02%  of  hafnium.  The  residual 
aqueous  phases  then  contain  a  mixture  of  zirconium 
and  hafnium  along  with  various  impurities.  The  con- 
centration of  this  mixture  varies  between  20  and 
40%  hafnium. 

We  give,  as  an  example,  the  operating  curve  and 
the  equilibrium  curve  obtained  during  an  operation 
with  the  mixer-settler  (Fig.  6)  : 

22  gm/1  zirconium  solution  containing  2.4% 
hafnium. 

Solvent  containing  60%  tributyl  phosphate. 

Rates  of  flow :  solvent,  100  liters/hour ;  zirconium, 
48  liters/hour;  wash,  48  liters/hour. 

Concentration  of  zirconium-enriched  solvent : 
10  gm  Zr/liter. 

Hafnium  concentration  of  residual  aqueous  phases 
Hf/(Hf  +  Zr)  =5  42%. 
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Figure  5.  Flow-sheet 


Figure  6.  Operating  and  equilibrium  curves  obtained   in   an 
operation  with   mixer-settler 

Purity  of  zirconium  obtained  Hf/Zr  <  3  •  10""4. 
ANALYTICAL  METHODS 

The  zirconium  is  determined  either  by  colorimetry 
for  small  amounts,2  or  by  volumetric  analysis,  using 
the  complex  ion.3 

The  first  hafnium  determinations  were  made  by 
the  Nuclear  Physics  Service  of  the  Commissariat  a 
1'Energie  Atomique,  which  used  a  method  of  deferred 
coincidences  to  measure  the  period  of  the  metastable 
state  of  the  irradiated  hafnium.  This  measurement 
was  very  sensitive  and  was  not  interfered  with  by 
any  foreign  element. 

The  determinations  are  now  regularly  made  by 
spectrography  of  the  precipitated  zirconium  for 
specimens  with  low  hafnium  content,  and  on  the 
solutions  for  the  concentrated  bottoms. 

Finally,  certain  samples,  particularly  low  in  hafni- 
um are  determined  by  irradiation  at  regular  periods, 
using  the  19-second  period  for  hafnium. 
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Separation  of  Hafnium  from  Zirconium  by 
Vapour  Phase  Dechlorination 

By     Brahm  Prakash  and  C.  V.  Sundaram,*  India 


The  zircon  sands  of  India  contain  about  3  per  cent 
hafnium  expressed  as  Hf  X  100/Hf  +  Zr.  As  a  con- 
sequence of  the  very  close  similarity  between  the 
chemical  behaviour  of  zirconium  and  hafnium,  the 
problem  of  their  separation  is  attended  with  unusual 
difficulties,  although  several  methods  have  been  pro- 
posed for  this  purpose  from  time  to  time.  The 
recognition  of  the  importance  of  hafnium-free  zir- 
conium as  a  structural  and  cladding  material  for 
reactor  applications  has  accentuated  interest  in  this 
problem  during  recent  years. 

Among  the  methods  of  separation  which  have 
shown  promise,  mention  may  be  made  of  fractional 
crystallisation,  fractional  precipitation,  fractional 
sublimation,  solvent  extraction,  and  adsorption 
methods  such  as  ion-exchange  and  chromatography. 
De  Boer  and  van  Arkel1  obtained  zirconium-enriched 
crystals  by  fractional  crystallisation  of  the  di- 
ammonium  hexafluoro  salts  of  hafnium  and  zir- 
conium, and  Hevesy  and  Madsden2  extended  the  pro- 
cedure to  obtain  zirconium-free  hafnium  compounds. 
Based  on  the  relative  instability  of  the  hafnium  coor- 
dination complexes,  Prandtl3  suggested  and  Schumb 
and  Pittman4  developed  a  procedure  for  effecting 
the  separation  by  fractional  precipitation  of  the  ferro- 
cyanides  from  aqueous  solutions  containing  oxalate 
and  sulphate  ions.  Larsen,  Ferneleus  and  Quill15 
found  that  fractional  precipitation  of  the  phosphates 
from  strongly  acid  solutions  resulted  in  progressive 
enrichment  in  hafnium  in  the  first  precipitates.  Frac- 
tional sublimation  of  the  addition  compounds  of  the 
tetrachlorides  of  zirconium  and  hafnium  with  phos- 
phorus oxychloride  was  the  means  adopted  by  Gruen 
and  Katz6  to  effect  a  separation.  More  recently, 
solvent  extraction,  ion  exchange  and  other  adsorp- 
tion methods  have  come  into  prominence  for  this 
application.  Thus  Fischer  and  collaborators7,  in 
studying  the  distribution  of  the  thiocyanate  complexes 
of  zirconium  and  hafnium  between  ether  and  water, 
have  found  that  the  zirconium  complex  gets  prefer- 
entially extracted  by  ether.  Huffman  and  Beaufait8 
investigated  the  distribution  of  thenoyltrifluoro 
acetone  complexes,  and  Schultz  and  Larsen9  of  the 
trifluoroacetyl  acetone  complexes  between  benzene 
and  water,  and  both  investigations  have  shown  that 


*  Indian  Institute  of  Science,  Bangalore. 


organic  phase.  For  ion-exchange  separation,  both 
the  zirconium  complexes  preferentially  enter  the 
anionic  and  cat  ionic  exchange  resins  have  been 
investigated.  Thus  Kraus  and  Moore10,  and  Huffman 
and  Lilly11  have  separated  hafnium  from  zirconium 
by  fractional  elution  of  the  zirconium  adsorbed  on  the 
anion  exchange  resins  Dowex-1  and  Amberlite 
(JR-400).  Cation-exchange  resins  have  been  used 
by  Street  and  Scaborg12  and  later  by  Newnham18  for 
selective  elution  of  the  impregnated  hafnium.  Lister14 
has  determined  the  conditions  required  for  selective 
elution  of  zirconium  instead  of  hafnium.  Hansen 
and  co-workers15  have  observed  that  activated  silica 
gel  preferentially  adsorbs  hafnium  from  a  methanol 
solution  of  the  chlorides.  Another  attempt  at  adsorp- 
tion separation  by  paper-strip  chromatography  has 
been  described  by  Kember  and  Wells.16 

Among  the  methods  reviewed,  fractional  crystal- 
lisation, fractional  precipitation  and  sublimation  have 
the  disadvantage  of  requiring  laborious  multiple-step 
treatments.  Adsorption  separation  on  silica  gel  would 
require  solvents  of  high  purity.  Solvent  extraction 
and  ion  exchange  seem  applicable,  in  principle,  to 
continuous  flow  operation  and  are  therefore  quite 
promising. 

In  India,  investigations  on  the  separation  of 
hafnium  from  zirconium,  have  been  directed  towards 
examining  the  feasibility  of  (a)  ion  exchange,  and 
(b)  vapour-phase  dechlorination,  as  means  of  sepa- 
ration. The  process  and  the  main  conclusions  of  the 
investigation  on  the  ion-exchange  process17  which 
was  undertaken  at  the  National  Chemical  Labora- 
tories of  India,  are  summarised  below : 

"Zircon  from  the  Travancore  sands  was  converted 
into  potassium  fluoro-zirconate  and  the  fluoro  com- 
plexes of  zirconium  and  hafnium  equilibriated  with 
the  anion-exchange  resin  Amberlite-IR-400,  either 
in  the  chloride  or  sulphate  form.  Thereafter,  the 
impregnated  resin  was  eluted  with  I. ON  sulphuric 
acid  at  a  flow  rate  of  0.3  to  0.4  cm3  per  minute  when 
hafnium  got  preferentially  leached.  Under  optimum 
conditions,  a  maximum  of  90  per  cent  hafnium-free 
zirconium  was  recovered." 

The  investigation  reported  here  deals  with  at- 
tempts to  devise  a  separation  process  based  on  the 
selective  decomposition  of  zirconium  tetrachloride 
to  its  oxide  which  would  leave  hafnium  as  a  readily 
volatile  chloride. 
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THEORETICAL  CONSIDERATIONS 

The  conversion  of  the  tetrachlorides  of  zirconium 
and  hafnium  to  their  respective  oxides  by  reaction 
with  oxygen  may  be  represented  by  the  following 
equations : 

ZrCU  (g)  +  02  ^±  Zr02  +  2Cla        (1) 
HfCl4  (g)  +  O2  ^±  HfO2  +  2  Cla         (2) 

The  standard  free  energy  change  for  the  two  re- 
actions, as  a  function  of  temperature,  has  been  cal- 
culated from  thermodynamic  data  available  in  litera- 
ture.18*19 These  calculations  lead  to  the  following 
relationships : 

(AF°)Zr  =  -  58,525  -  8.9567*  log  T  -  1.041  X 

10-3  ra  +  U915  x  105  T-1  +  50.75T 
and, 

(AF°)Hf  = +  21,642— 10.687'  log  T-  1.181  X 
10-3  T2  +  1.4515  X  105  T-1  +  58.86T 

From  the  above  expression,  the  free  energy  change, 
equilibrium  constant  (Kj>),  and  equilibrium  Pci2  : 
Po2  ratios  were  calculated  for  different  temperatures, 
and  the  data  for  the  two  reactions  are  presented  in 
Table  I. 

These  calculations  show  that  the  conversion  of 
zirconium  tetrachloridc  to  the  oxide  is  highly  feasible 
whereas  the  conversion  of  hafnium  tetrachloride  is 
not.  Thus  at  1200°C,  as  will  be  observed  from  Table 
I,  the  equilibrium  Pci2  :Po.2  ratio  for  oxide  forma- 
tion is  114  for  the  zirconium  reaction  and  it  equals 
6.97  X  10-5  for  the  hafnium  reaction.  The  spread 
of  the  equilibrium  ratios  is  even  greater  at  lower 
temperatures.  If,  therefore,  the  chlorides  in  the 
vapour  state  are  reacted  with  a  gas  mixture  composed 
of  chlorine  and  oxygen,  in  a  ratio  intermediate  be- 
tween the  values  for  the  two  reactions,  zirconium 
chloride  should  form  the  oxide  and  the  more  stable 
hafnium  chloride  should  distil  over  unchanged.  Al- 
ternately, the  mixed  oxides  could  be  chlorinated 
under  the  above  conditions  when  hafnium  oxide 
would  be  expected  to  form  the  volatile  chloride,  leav- 
ing zirconium  oxide  behind.  For  accomplishing  such 
a  fractionation,  it  is  necessary  that  the  two  oxides 


should  have  the  same  thermodynamic  properties  in 
the  mixture  as  they  have  individually.  This  is  not  a 
justifiable  assumption  in  this  case  because  the  two 
oxides  probably  form  solid  solutions.  For  this  rea- 
son and  because  direct  gas-solid  chlorination  of  the 
refractory  oxides  would  require  a  high  temperature, 
vapour  phase  clechlorination  was  preferred.  Though 
chlorination  of  the  mixed  oxides  could  be  carried 
out  in  the  presence  of  carbon,  thermodynamic  cal- 
culations show  that  under  these  conditions,  selectivity 
of  separation  is  greatly  reduced. 

EXPERIMENTAL  METHODS  AND  RESULTS 

The  process  for  the  separation  of  hafnium  from 
zirconium  in  the  zircon  sands  consisted  of  the  follow- 
ing steps:  (a)  production  of  anhydrous  zirconium 
chloride  from  zircon;  (/?)  purification  of  the  chloride 
to  free  it  from  contaminants  other  than  hafnium; 
(r )  vapour  phase  dechlorination  for  hafnium  removal. 

Production   of   Zirconium   Chloride 

The  anhydrous  chloride  may  be  prepared  by 
chlorination  of  zircon-carbon20  or  zirconia-carbon 
briquettes  or  by  chlorination  of  zirconium  carbide. 
Direct  chlorination  of  zircon-carbon  compacts,  how- 
ever, requires  high  temperatures  of  the  order  of 
1000°C  and  the  presence  of  silica  in  the  zircon  leads 
to  excessive  consumption  of  chlorine.  The  chlorina- 
tion of  zirconia-carbon  compacts,  though  readily 
achieved,  would  require  the  preparation  of  zirconium 
oxide  from  the  mineral  zircon  by  relatively  costly 
procedures.  In  this  investigation,  therefore,  the 
chloride  was  prepared  via  the  carbide. 

A  direct  arc  furnace  was  fabricated  for  the  re- 
duction of  zircon  to  the  carbide.  The  charge  which 
consisted  of  zircon  and  charcoal  in  the  proportion  of 
4:1  by  weight  was  fed  continuously  into  the  furnace 
through  a  screw-conveyor  at  the  top.  During  arcing, 
voluminous  fumes  of  silicon  monoxide  (which  oxi- 
dised in  air)  were  produced  and  the  carbide  was 
obtained  as  a  residue  in  the  form  of  dense,  bluish- 
grey  blocks  having  a  metallic  lustre.  The  furnace 
made  about  one  pound  of  carbide  per  hour. 


Table  I.     Thermodynamic  Data  on  the  Dechlorination  of  the  Chlorides  of  Zirconium  and  Hafnium 


7>w/». 
°C 

Calories                                                ,  ,.^_                            ,  v  ^.,f 

/    Pm  \ 

/     Pn»   \ 

(A^)Hf 

V  *vf/lll 

\  /'o,  Zr/ 

V  Po4  Hf/ 

500 

-39,740 

+42,780 

1.70  X  ion 

8.13  X  10-is 

4.12  X  105 

9.02  X  10-' 

600 

-37,850 

+44,880 

2.99  X  109 

5.75  X  lO-i2 

5.46  X  104 

2,40  X  10-6 

700 

-36,080 

+46,880 

1.24  X  10* 

2.95  X  10-n 

1.11  X  10« 

5.43  X  10  « 

800 

-34,260 

+48,850 

9.48  X  106 

1.13  X  10-io 

3.08  X  103 

1.06  X  10-5 

900 

-32,550 

+50,730 

1.16  X  10« 

3.53  X  10-io 

1.08  X  103 

1.88  X  10-3 

1000 

-30,900 

+52,540 

2.02  X  10^ 

9.55  X  10-io 

4.50  X  102 

3.09  X  10-5 

1100 

-29,300 

+54,310 

4.60  X  10  « 

2.27  X  10'9 

2.15  X  102 

4.76  X  10~5 

1200 

-27,740 

+56,040 

1.30  X  lO4 

4.85  X  10-9 

1.14  X  102 

6.97  X  10~5 
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Figure  1.  Chlorination  unit:  (1)  chlorine  cylinder;  (2)  orifice  meter;  (3)  desiccating  train;  (4)  chlorinator: 
(a)  zircon   sand   bed,  (b)   charge  of  zirconium   carbide,   (c)   chlorine   inlet,   (d)   central    nichrome   heater 
(with  silica  sheath),  (e)  thermal  insulation,  (f)  mild  steel  shell,  (g)  nichrome  heater  for  cross  over  pipe, 
(tc)  thermocouple  position;  (5,  6,  7)  condensers:  (k)  monel  baffle,  (I)  monel  cones,  (m)  collectors 


Chlorination  of  the  Carbide 
A  special  chlorinator  unit  was  designed  for  con- 
version of  the  carbide  into  zirconium  chloride  and  is 
shown  in  Fig.  1.  The  unit  consisted  of  a  vertical  shaft 
furnace  (4)  made  from  an  acid-  and  heat-resistant 
stoneware  pipe  (height:  36  inches,  inside  diameter: 
6  inches,  and  wall  thickness:  0.75  inches).  The  fur- 
nace communicated  with  a  system  of  three  stoneware 
condenser  pipes  (5,6,7)  (height:  24  inches,  and 
inside  diameter :  6  inches),  arranged  in  sequence.  The 
furnace  was  heated  from  the  centre  by  means  of  a 
nichrome  heating  element,  sheathed  in  a  one-inch 
diameter  silica  tube  (d)  closed  at  the  bottom.  The 
inlet  pipe  from  the  furnace  shaft  to  the  condenser 
was  electrically  heated  with  nichrome  in  order  to 
prevent  clogging  of  the  passage.  The  furnace  and 
the  cross-over  pipes  were  enclosed  in  a  mild  steel 
shell  and  the  space  between  the  shell  and  the  stone- 
ware pipes  was  packed  with  asbestos  lagging.  The 
condenser  pipes  were  provided  with  monel  baffles 
(k)  to  facilitate  condensation  of  the  chloride,  and 
monel  cones  (/)  were  fitted  at  their  bottom  to  direct 
the  condensed  chloride  into  glass-  collectors  situated 
below.  The  whole  unit  was  supported  in  a  mild 
steel  frame. 

In  order  to  start  the  operation,  the  shaft  furnace 
was  charged  from  the  top  with  zircon  sand  to  form 
a  bottom-bed,  and  thereafter  zirconium  carbide, 
crushed  to  a  size  of  %  to  %  inch,  was  charged  into 
the  furnace  to  a  height  of  about  12  inches.  The  fur- 
nace was  sealed  at  the  top  and  chlorine  gas  intro- 
duced at  the  rate  of  one  pound  per  hour  from  a 
chlorine  cylinder,  via  a  flow-meter  and  a  desiccating 
train.  After  flushing  the  furnace  and  the  condensers 
free  of  air,  heat  was  switched  on.  Chlorination  was 
observed  to  commence  at  about  500°  C  as  indicated 
by  a  sudden  rise  in  the  furnace  temperature  due  to 
exothermicity  of  the  Chlorination  reaction.  The 
chloride  collected  in  the  glass-collectors  below  the 


monel  cones  and  was  in  the  form  of  a  yellowish- 
white,  fluffy  powder.  The  powder  is  very  hygroscopic 
and  therefore  presents  problems  in  collection  and 
storage.  The  unit  gave  an  output  of  about  1.5  pounds 
of  zirconium  chloride  per  hour.  Analysis  of  a  typical 
sample  (expressed  in  terms  of  oxides)  showed  0.10 
per  cent  silicon,  0.06  per  cent  titanium,  and  0.18 
per  cent  iron. 

Purification  of  Zirconium  Tetrachloride 

As  the  subsequent  selective  dechlorination  gave 
zirconium  oxide  as  the  end-product,  it  was  considered 
desirable  to  free  the  chloride  of  its  associated  im- 
purities such  as  silicon,  titanium  and  iron  at  this 
stage.  On  account  of  their  low  volatilization  points, 
the  chlorides  of  titanium  and  silicon  (b.  pts.  136°C 
and  57°C  respectively)  would  be  separable  by  frac- 
tional distillation,  but  the  separation  of  iron  would 
require  prior  reduction  of  ferric  chloride  (sb.  pt. : 
319°C)  to  the  relatively  non-volatile  ferrous  chloride. 
A  batch-purification  unit,  as  shown  in  Fig.  2,  was 
therefore  set  up  for  this  purpose.  The  crude  zir- 
conium chloride  was  charged  into  the  Pyrex  distilla- 
tion flask  (1)  which  was  radiation -heated  by  ni- 
chrome elements  carried  on  the  asbestos  insulation 
of  oven  (4).  The  condenser  bulb  (3)  was  maintained 
at  200°C  by  simmerstat  control,  so  that  the  silicon 
and  titanium  chlorides  might  escape  as  volatiles.  The 
elbow-ground-glass  joint  (2)  was  kept  at  450°C  to 
avoid  condensation  of  the  chloride  in  this  region  dur- 
ing distillation.  The  entire  assembly  was  flushed 
with  hydrogen  and  the  crude  chloride  soaked  for  one 
hour  at  250°  C  in  the  reducing  atmosphere  of  hydro- 
gen. The  temperature  was  gradually  raised  to  500°  C 
when  the  purified  chlorides  of  zirconium  and  haf- 
nium condensed  as  white  and  compact  crystalline 
powder  in  the  condenser  (3).  After  one  fractionation, 
the  sublimate  was  found  to  be  free  from  silicon 
and  gave  an  average  analysis  of  0.011  per  cent  iron 
and  0.0024  per  cent  titanium.  The  chlorides  initially 
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contained  0.10  per  cent  silicon,  0.06  per  cent  titanium 
and  0.18  per  cent  iron. 

Selective  Dechlorination 

The  purified  chloride,  obtained  in  the  previous 
step,  contained  2.54  per  cent  HfO2  in  terms  of  the 
hafnia  plus  zirconia  content  of  the  product.  For 
effecting  the  separation  by  reacting  the  gaseous 
chloride  with  oxygen  and  chlorine  under  controlled 
•Poi2  :  Po2  ratios  at  selected  temperatures,  a  number 
of  experimental  set-ups  was  devised.  The  results 
obtained  demonstrated  the  feasibility  of  fractionation 
into  (1)  a  zirconium  oxide  residue  relatively  low 
in  hafnium,  and  (2)  a  volatile  chloride  which  was 
high  in  hafnium.  A  design  for  one  such  apparatus 
is  shown  in  Fig.  3.  The  hafnium-containing  chloride 
was  kept  inside  a  silica  tube-furnace  (S)  which  was 
wound  with  nichrome  and  controlled  by  a  simmerstat. 
The  chloride  was  volatilised  at  a  relatively  low 
temperature  of  the  order  of  300-325 °C  in  a  cur- 
rent of  dry  chlorine  and  the  vapour  led  into  a  vertical 
tube-furnace  (V)  where  it  reacted  with  a  down-com- 
ing stream  of  chlorine  and  oxygen  at  selected  tem- 
peratures. For  conducting  dechlorination  at  higher 
temperatures,  silica  was  substituted  for  Pyrex  glass 
in  the  vertical  reaction-chamber.  Zirconium  oxide, 
formed  as  a  result  of  reaction  with  oxygen,  deposited 
as  a  white  powder  in  the  collector,  (M  )  and  formed 
one  fraction,  whereas  the  unreacted  chloride  was 
caught  in  the  condensers  (C).  The  condensate  was 
subsequently  leached  with  dilute  hydrochloric  acid, 
filtered,  and  the  hydroxides  precipitated  from  it  ig- 


Figure  2.  Distillation  set-up  for  the  purification  of  zirconium  tetra- 
chloride:  (1)  distillation  flask;  (2)  elbow  ground  glass  joint  (heated 
with  nichrome);  (3)  condenser  flask;  (4,  5)  box  type  ovens;  (6)  in- 
let for  pure,  dry  H2;  (s.c.)  thermocouple  position 

nited  to  oxide  to  give  the  second  fraction.  Both  the 
fractions  were  analysed  spectrographically  for  their 
hafnium-contents.  It  was  thus  found  that  with  a 
chlorine  to  oxygen  ratio  of  1:2  and  a  furnace  tem- 
perature of  800° C,  the  residue  contained  1.4  per  cent 
hafnia  after  reaction  for  one  hour,  and  the  volatiles 
contained  «*  25  per  cent  hafnia ;  with  a  chlorine  to 
oxygen  ratio  of  1:1,  the  temperature  at  500° C  and 


reaction-time  as  two  hours,  the  hafnia  content  of 
zirconia  was  1.29  per  cent  while  the  volatiles  con- 
tained above  25  per  cent  hafnia.  The  recovery  of 
zirconia  was  90  to  97  per  cent.  Similar  results  on 
hafnium-separation  were  obtained  over  a  wide  range 
of  PCi2  :  Po2  ratios  and  temperatures. 

It  will  thus  be  observed  that  under  optimum  con- 
ditions, a  single  treatment  resutys  in  lowering  the 
hafnium  content  of  the  oxide  by  about  50  per  cent. 
Further  tests  have  been  conducted  in  which  bri- 


Figure  3.  Vapour-phase  dechlorination 

quelled  zirconia-charcoal  or  zirconium  carbide  has 
been  chlorinated  in  one  step,  and  the  resulting 
chloride  directly  led  into  the  reaction-furnace  for 
treatment  with  oxygen  and  chlorine  under  controlled 
conditions.  The  results  of  such  tests  have  again 
confirmed  the  separation  of  the  chloride  into  a  low 
and  a  high  hafnium-containing  fraction.  Further 
work  is  in  progress. 
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Separation  of  Hafnium  from  Zirconium  and  Production  of 
Pure  Zirconium  Dioxide 

By  N.  P.  Sajin  and  E.  A.  Pepelyaeva,  USSR 


When  zirconium  is  used  in  the  atomic  energy 
reactors  it  is  essential  to  purify  it  from  the  associated 
hafnium  admixture,  because  hafnium  possesses  a 
great  neutron  capture  cross  section. 

Of  late  the  research  workers  have  been  paying 
great  attention  to  the  question  of  obtaining  metallic 
zirconium  and  high  purity  initial  materials  free  from 
hafnium  and  other  elements. 

The  separation  of  hafnium  from  zirconium  is  one 
of  the  complicated  problems  of  chemistry,  inasmuch 
as  the  affinity  of  these  elements  make  it  difficult  to 
separate  them  by  one  oi>eration.* 

Until  recently  the  problem  of  separation  of  haf- 
nium from  zirconium  was  not  considered  essential 
from  the  practical  point  of  view  and  the  investiga- 
tions were  carried  out  chiefly  for  the  purpose  of 
scientific  research,  since  for  the  usual  application 
of  zirconium  and  its  compounds  in  various  fields  of 
technique  the  presence  of  hafnium  in  zirconium  as 
a  permanent  admixture  has  not  been  detrimental. 

At  present  the  problem  of  separation  of  hafnium 
from  zirconium  is  attracting  an  ever  increasing 
interest  of  the  scientists.  The  preparations  of  zir- 
conium containing  from  1  to  2%  of  hafnium  are 
not  considered  as  "chemically  pure/'  since  a  zir- 
conium containing  only  a  thousandth  per  cent  of 
hafnium  is  required. 

It  is  possible  to  make  the  following  classification 
of  the  numerous  methods  of  zirconium  and  hafnium 
separation:  (1)  method  of  fractional  crystallization 
of  zirconium  and  hafnium  salts;1*2  (2)  method  of 
fractional  precipitation;3  (3)  method  of  selective 
extraction  ;4  (4)  method  of  chromotographic  adsorp- 
tion and  ionic  exchange  ;5- °- 7  (5)  method  of  frac- 
tional distillation.8 

Many  of  the  above  described  methods  of  hafnium 
and  zirconium  separation  have  been  tried  out  by 
research  workers  of  the  Soviet  Union  (Poluektov  and 
others)  and  in  a  number  of  cases  good  results  as 
to  the  obtaining  of  zirconium  free  from  hafnium 
and  hafnium  with  a  minimum  content  of  zirconium 
were  obtained  (Vinarov  and  others). 

This  report  describes  the  method  of  separation 
of  hafnium  from  zirconium  by  fractional  crystalliza- 

Original  language:  Russian. 

*  The  similarity  of  chemical  properties  of  hafnium  and 
zirconium  is  explained  by  the  similarity  of  their  atomic 
radii : 


Hf 


1.60  A 


tion  of  bifluorides  of  zirconium  (hafnium)  and 
potassium.  This  method  was  developed  by  Sajin  and 
others.  ^ 

The  method  of  fractional  crystallization  of  zirco- 
nium and  hafnium  was  investigated  earlier.1'2  A 
rather  simple  method  of  decomposition  of  the  zirco- 
nium mineral  (a  compound  of  zircon  and  bad- 
deleyite),  worked  out  in  1950  by  Soviet  researchers 
Vaks  and  Pepelyaeva,  served  as  a  basis  for  the 
application  of  this  method  of  zirconium  and  hafnium 
separation.9 

Decomposition  of  zircon  and  baddeleyite  by  this 
method  is  accomplished  by  sintering  of  this  mineral 
with  potassium  silicofluoride  and  potassium  chloride 
with  subsequent  obtaining  of  potassium  fluozirconate 
as  a  final  product.  The  combination  of  the  fluo- 
silicate  method  of  zircon  decomposition  and  the 
fractional  crystallization  permits  carrying  out  the 
separation  of  hafnium  from  zirconium  by  simple 
technological  process,  utilizing  inexpensive  materials. 

PRODUCING  OF  POTASSIUM  FLUOZIRCONATE 
FROM  ZIRCONIC  CONCENTRATE 

Zirconic  concentrate  ground  to  200  mesh  (con- 
taining app.  60%  ZrO2)  is  mixed  with  potassium 
silico-fluoride  and  potassium  chloride  (the  applica- 
tion of  potassium  chloride  promotes  the  most  com- 
plete decomposition  of  zircon). 

The  obtained  charge  is  sintered  in  a  rotary  furnace 
(Fig.  1)  at  a  temperature  of  650-700°C. 

The  given  temperature  is  an  optimum  one  which 
is  confirmed  by  the  analysis  of  interdependency 
curve  of  zircon  decomposition  and  sintering  tem- 
perature as  shown  in  Fig.  2. 

The  zirconium  content  in  sinter  is  13.0-14%  of 
Zr,  that  is,  equivalent  to  40.0-43.0%  of  K2ZrFe. 
In  order  to  transform  the  obtained  potassium  fluo- 
zirconate into  solution,  the  crushed  sinter  is  leached 
by  a  weak  solution  of  hydrochloric  acid  (1%  HC1 
by  volume)  and  flushing  water,  left  from  the  wash- 
ing of  an  insoluble  residue  of  the  previous  charge. 

The  leaching  is  accomplished  by  heating  to  a 
temperature  of  8S°C  and  stirring  within  1.5-2.0 
hours,  at  a  ratio  S:L=1:7. 

After  leaching,  the  solution  is  left  to  precipitate. 

The  clarified  solution  of  potassium  fluo-zirconate 
is  poured  into  an  apparatus  for  crystallization  and 
the  precipitate  is  washed  with  water  heated  to  the 
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Figure  1.  Rotary  furnace  for  zircon   decomposition 
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Figure  2.  Dependence  of  zircon  decomposition  on  the  temperature 
of  sintering.  (1)  Decomposition  per  cent  (2)  Temperature.  During 
sintering  of  zircon  with  potassium  silico-fluoride  the  decomposition 
of  zircon  is  accompanied  by  a  formation  of  the  fluozirconate  of 
potassium  and  the  silicon  dioxide  according  to  the  scheme: 

ZrOa  •  SiO8  -f  2  KF  •  SiF*  — »  KaZrFo  -f  2  SiO3 

The  decomposition  of  zircon   in  this  reaction  is  97.0—98.9%.  The 
obtained    sinter   represents   rounded   off  and   slightly  fused   gran- 
ules   with    an    average    size    0.5 — 10    mm    (Figs.    3    and    4).    The 
sinter   is  crushed   to   100   mesh 

temperature  of  80°C.  The  clarified  water  is  used 
for  leaching  of  a  new  portion  of  sinter. 

The  solution  of  potassium  fluo-zirconate  is  cooled 
and  the  following  crystallization  takes  place : 
K2ZrF6  (  +  1.5-2.5%  K2HfFe) 

The  crystals  formed  at  this  process  are  squeezed 
out  and  washed  with  water. 

The  chemical  composition  of  potassium  fluo-zir- 
conate obtained  from  zirconic  concentrates  of  the 
Azov  shore  deposits  is  as  follows:  Zr+Hf,  31.89- 
32.00%  ;  K,  272-276%  ;  F,  39.9-40.05%  ;  Fe,  0.044 
-0.045%;  Ti,  0.041-0.042%;  Si,  0.06-0.07%;  Cl, 
0.006-0.008%;  Hf,  1.5-2.5%  (relative  to  Zr). 

SEPARATION  OF  HAFNIUM  FROM  ZIRCONIUM  BY 

FRACTIONAL  CRYSTALLIZATION  OF  POTASSIUM 

FLUOZIRCONATE 

Potassium  fluozirconate  obtained  from  zirconic 
concentrates  contains  up  to  2.5%  of  hafnium  (rel- 
ative to  zirconium). 

The  separation  of  hafnium  from  zirconium  was 


accomplished  by  a  method  of  fractional  crystalliza- 
tion based  on  the  different  solubility  of  K2ZrF6  and 
KoHfFe.  The  solubility  of  potassium  fluohafniate 
salts  is  higher  than  that  of  fluo-zirconate  and 
therefore  the  accumulation  of  hafnium  in  the 
mother  solution  and  the  decrease  of  it  in  the  po- 
tassium fluozirconate  takes  place  at  the  fractional 
crystallization. 

At  present  time,  a  number  of  methods  have  been 
developed,  permitting,  through  several  operations,  to 
achieve  a  complete  separation  of  zirconium  from 
hafnium.  However,  the  successful  solution  of  the 
problem  of  obtaining  potassium  fluozirconate  from 
zirconic  concentrates  and  the  simplicity  of  conduct- 
ing the  fractional  crystallization  process  requiring 
no  additional  reagents  (besides  distilled  water), 
permitted  to  utilize  this  method  for  producing  zir- 
conium free  from  hafnium. 

This  report  presents  some  data  on  the  research  of 
the  separation  of  hafnium  from  zirconium  and  es- 
tablishing the  required  conditions  necessary  for  frac- 
tional crystallization  of  potassium  fluozirconate. 

While  conducting  the  fractional  crystallization 
process,  the  potassium  fluozirconate  was  dissolved  in 
distilled  water  at  a  certain  temperature  of  the  solu- 
tion and  fixed  concentration  of  K2ZrF«;  thereupon 
the  solution  was  cooled  off  to  permit  the  separation 
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of  crystals  from  the  solution,  which  were  then  again 
subjected  to  recrystallization  (solubility  of  K2ZrFe 
at  100°C  is  250  gm  per  liter  and  at  19°C  corres- 
pondingly 16.3  gm  per  liter). 

Conditions  and  number  of  crystallizations  were 
determined,  which  secured  both  the  maximum  sep- 
aration of  hafnium  and  the  yield  of  pure  potassium 
fluozirconate. 

The  investigations  have  resulted  in  a  quite  satis- 
factory separation  of  hafnium:  after  16-18  crystal- 
lizations the  potassium  fluozirconate  was  obtained 
containing  a  few  thousandths  per  cent  of  hafnium. 

The  yield  of  purified  potassium  fluozirconate  at 
the  crystallization  in  aqueous  solutions,  i.e.,  after 
using  water  for  dissolution  at  each  crystallization, 
is  not  high  and  after  16  crystallizations  the  yield 
is  about  W%  from  the  initial  content. 

By  utilizing  the  mother  solutions  left  after  crys- 
tallization from  the  previous  run  it  was  possible  to 
attain  a  greater  yield,  about  80%  without  changing 
the  degree  of  hafnium  separation  during  this 
process. 

The  fractional  crystallization  with  application  of 
the  mother  solution  from  the  previous  run  was  car- 
ried out  in  the  following  way:  the  mother  solution 
from  the  recrystallization  of  the  previous  run  was 
poured  into  an  apparatus  made  of  stainless  steel 
(which  is  used  both  for  dissolving  of  potassium  fluo- 
zirconate and  for  its  crystallization)  and  potassium 
fluozirconate  was  added  in  ratio :  S:L  =  l:7  (0.5  mol 
of  K2ZrFe  per  liter).  Dissolution  is  accomplished 
by  heating  to  a  temperature  up  to  80-90°  C,  then 
the  solution  is  cooled  and  crystals  of  the  potassium 
fluozirconate  are  formed. 

After  finishing  crystallization  the  used  mother 
solution  is  poured  out  into  a  receptacle,  the  mother 
solution  left  from  the  previous  run  is  poured  over 
the  crystals  and  the  next  crystallization  is  performed. 

A  necessary  number  of  crystallizations  is  carried 
out  likewise,  with  distilled  water  used  during  the 
two  last  separation  processes.  The  first  and  the  sec- 
ond mother  solutions,  greatly  concentrated  by  haf- 
nium are  taken  out  of  the  crystallization  cycle  and 
are  evaporated  to  %-%  of  their  volume. 

The  isolated  crystals  are  returned  for  crystalliza- 
tion by  adding  them  to  the  initial  potassium  fluozir- 
conate at  the  first  crystallization  of  a  new  run  of 
zirconic  concentrates;  zirconium  hydroxide  contain- 
ing about  6%  of  hafnium  (in  relation  to  zirconium) 
is  precipitated  from  the  solution  by  reaction  with 
ammonia  (NH3).  This  hydroxide  is  used  for  ob- 
taining concentrate  and  hafnium  dioxide  by  ionic 
exchange  or  by  the  extraction  with  solvents.  The 
hafnium  content  in  fluozirconate  after  16-18  crystal- 
lizations is  less  than  0.01%  (in  relation  to  zircon- 
ium). The  determination  of  hafnium  was  effected 
with  the  help  of  a  spectral-arc  method,  its  sensitiv- 
ity is  0.003%.  The  experimental  results  of  hafnium 
separation  from  zirconium  by  fractional  crystalliza- 
tion of  potassium  fluozirconate  are  shown  in  Fig.  5. 
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Figure  5.  Separation    of    hafnium    from    zirconium    by    fractional 

crystallization  of  potassium  fluozirconate;  (1)  hafnium  content  in 

%  (in  relation  to  zirconium);  (2)  crystallization 

The  chemical  composition  of  potassium  fluozir- 
conate freed  from  hafnium  by  fractional  crystalliza- 
tion is  shown  below  (in  %) :  Zr,  32.08-32.21; 
K,  26.89-27.24;  F,  40XM0.2;  Fe,  0.02-0.03; 
Ti,  0.014-0.017;  Si,  0.033-0.036;  Hf,  <  0.01  (in 
relation  to  Zr). 

The  yield  of  potassium  fluozirconate  free  from 
hafnium  is  about  80%. 

OBTAINING  ZIRCONIUM  DIOXIDE  FREE  FROM 
HAFNIUM 

As  a  rule,  zirconium  dioxide  is  obtained  from 
hydroxide  of  zirconium  by  calcination.  A  solution 
of  25  per  cent  of  ammonia  (NH3)  was  used  for  the 
precipitation  of  zirconium  hydroxide  from  liquid 
potassium  fluozirconate. 

The  potassium  fluozirconate  was  dissolved  in  dis- 
tilled water  at  a  temperature  of  50°  to  60°C  (25-30 
gm  of  KoZrFfl  per  literf)  and  in  ammonia  taken 
in  excess  of  150  per  cent  against  the  theoretically 
required.  Zirconium  hydroxide  was  precipitated  by 
pouring  the  solution  of  potassium  fluozirconate  into 
ammonia.  After  precipitation  and  settling,  the 
mother  solution  was  poured  off  in  a  receptacle  while 
hydroxide  was  washed  off  with  distilled  water  from 
fluosalts,  with  a  periodic  addition  (from  2  to  3 
times)  of  ammonia  in  an  amount  of  ^0.5  per  cent 
of  NH3.  The  washed  off  hydroxide  of  zirconium 
was  subjected  to  squeezing,  drying  and  calcinating 
at  a  temperature  of  900°C  converting  it  to  zirconium 
dioxide. 

While  conducting  the  investigations  on  the  pre- 
cipitation of  zirconium  hydroxide  from  potassium 
fluozirconate,  the  following  peculiarities  were  ob- 

tWhen  precipitation  is  carried  out  from  a  solution  of 
higher  concentration  of  K2ZrF«,  the  washing  of  fluosalts  is 
quite  difficult. 
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served.  Firstly,  a  necessity  to  pour  a  solution  of 
potassium  fluozirconate  into  ammonia  during  the 
precipitation  process  was  established,  in  order  to 
carry  out  the  precipitation  all  the  time  with  an  ex- 
cess of  the  precipitating  factor.  During  this  process 
of  precipitation  of  ammonia  to  the  solution  of  potas- 
sium fluozirconate  leads  to  the  formation  of  zir- 
conium hydroxide-Zr  (Oil)  4-simultaneously  with 
hydrate  of  zirconyl-ZrO(OH)2-in  the  form  of  fine- 
dispersed  precipitate  and  also  in  the  colloid  form.  In 
the  course  of  this  process  full  precipitation  of  zir- 
conium is  not  achieved  and  the  washing  of  the  hy- 
droxide precipitate  is  rather  difficult. 

Another  peculiarity  is  the  behaviour  of  iron  and 
titanium  admixtures.  It  is  established  that  during 
the  process  of  precipitation  with  the  aid  of  am- 
monia, iron  and  titanium,  being  in  the  form  of 
complex  ammonium-fluo-salts  are  almost  not  pre- 
cipitated and  the  content  of  these  admixtures  in 
the  obtained  zirconium  dioxide  is  much  smaller  than 
that  in  the  initial  potassium  fluozirconate.  This  is 
confirmed  by  the  data  shown  in  Table  I. 

Table  I.     The  Content  of  Admixture  of   Iron   and 

Titanium  in  the  Initial   Potassium   Zirconate 

and  Zirconium   Dioxide 


No. 

Initial  potassium 

The  obtained  zirco- 

of 

fluosirconate 

nium  dioxide 

intent 

Fc% 

Ti  </c 

PC  % 

Ti  K 

1 

0.032 

0.012 

0.006 

0.005 

2 

0.032 

0.012 

0.005 

0.005 

3 

0.031 

0.012 

0.004 

0.005 

4 

0.033 

0.017 

0.005 

0.005 

5 

0.030 

0.012 

0.004 

0.005 

Chemical  analysis  of  pure  zirconium  dioxide  ad- 
mixtures content  (in  per  cent)  is:  HfO2,  less  than 
0.01;  Fe2O3,  0.005-0.006;  TiO2,  less  than  0.005; 
MnOo,  0.001-0.002;  WO3,  less  than  0.001;  CoO, 
less  than  0.0001;  NiO,  less  than  0.0003;  CuO, 
0.0013-0.0015;  Ag2O,  less  than  0.0003;  CdO,  less 
than  0.00003;  Li2O,  0.004-0.006 ;  B2O3,  less  than 
0.00001;  K2O.  0.008-0.01. 

SUMMARY  AND   CONCLUSIONS 

1.  Purified  zirconium  dioxide  is  obtained  with  a 
hafnium  content  less  than  0.01%   from  potassium 
fluozirconate  free  from  hafnium. 

2.  Separation  of  hafnium  from   zirconium   was 
accomplished    through    fractional   crystallization    of 
potassium  fluozirconate.  This  method  can  be  used 
for  obtaining  potassium  fluozirconate  from  zircone 
(baddelevitc)    by   sintering  with  potassium  fluosil- 
icate. 
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Methods  of  Separating  Zirconium  from  Hafnium  and 
Their  Technological  Implications 

By  F.  Hudswell  and  J.  M.  Hutcheon,*  UK 


The  classical  inorganic  chemical  problem  of  sep- 
arating hafnium  from  zirconium  has  acquired  a 
technological  significance  with  the  advent  of  nuclear 
power.  Zirconium  is  of  interest  here  not  only,  as 
elsewhere,  because  of  its  useful  corrosion  resistance 
but  because  of  its  almost  unique  combination  of 
this  feature  with  a  low  thermal  neutron  capture 
cross  section  (0.18  barns).  Hafnium,  however, 
which  is  so  tenaciously  associated  with  zirconium 
in  natural  forms  has  the  very  high  capture  cross 
section  of  120  barns.  Thus  the  corresponding  value 
for  a  hafnium-zirconium  mixture  in  the  naturally 
occurring  proportion  of  about  2.5  per  cent  by  weight 
would  be  about  1.6  barns;  this  is  no  longer  attrac- 
tive. A  high  premium  is  therefore  placed  on  separat- 
ing these  two  elements  and  under  this  stimulus 
several  methods  have  been  developed  in  various 
countries.  The  purpose  of  this  paper  is  to  describe 
some  of  the  processes  studied  in  the  UK,  to  relate 
them  to  the  general  background  of  the  extraction 
metallurgy  of  zirconium  and  to  attempt  an  assess- 
ment of  their  technological  significance. 

SEPARATION  METHODS 

Fractional  Distillation  of  the  Complexes  Formed  by 
the  Tetrachlorides  with  Phosphorus  Oxychloride 

It  has  been  known  for  many  years  that  the  tetra- 
chlorides  of  zirconium  and  hafnium  form  additive 
compounds  with  phosphorus  pentachloride  and  oxy- 
chloride  and  that  some  degree  of  separation  of 
zirconium  from  hafnium  is  possible.1 

A  further  investigation2  of  this  method  was  em- 
barked upon  at  A.E.R.E.,  Harwell  and  use  was 
made  of  information  which  came  to  hand,:j  during 
the  course  of  this  work,  from  the  USA.  The  POC13, 
additives  were  studied  in  both  cases. 

With  an  urgent  demand  for  500  gm  of  zirconia 
containing  less  than  0.1  per  cent  of  hafnia  this  treat- 
ment seemed  most  certain,  at  that  time,  to  yield  the 
desired  product. 

Starting  with  zirconia  as  the  raw  material,  the 
additive  compounds  were  prepared  by  refluxing  with 
phosphorus  pentachloride,  in  slight  excess,  according 
to  the  reaction: 
3(Zr,Hf)Oo  +  6PCl5  = 

3(Zr,Hf)Cl4'2POCl3  I-  4POC13 

*  Atomic  Energy  Research  Establishment,  Harwell,  Berk- 
shire, England. 


The  additive  compounds  remained  when  the  free 
POQs  and  excess  of  PC15  were  distilled  off. 

The  fractional  distillation  of  tl.is  product  was 
carried  out  in  the  apparatus  shown  in  Fig.  1.  The 
apparatus  has  a  boiler  capacity  of  1  litre,  a  column 
60  in.  long  and  %  in.  diameter  packed  with  %  in. 
glass  helices  and  surrounded  by  a  heating  jacket. 

The  charge  was  about  1000  gm  of  the  additive 
compounds  containing  1.5%  by  weight  of  HfO2 
in  ZrO2. 

Using  a  boil  up  rate  of  800  gm  an  hour,  with  a 
take-off  rate  (intermittent)  of  20  gm  an  hour  and  a 
distillation  time  of  30  hours,  a  product  of  400  gm 
of  3ZrQ4  '2POC13,  or  121  gm  of  ZrO2  (containing 
0.075%  of  HfC>2)  was  obtained.  The  objective  was 
achieved,  therefore,  in  four  such  distillations. 

It  is  preferable  to  remove  impurities  other  than 
hafnium  by  a  prior  distillation  in  which  the  first 
and  last  small  fractions  are  rejected. 

In  passing  it  is  of  interest  to  remark  on  the 
greater  volatility  of  the  hafnium  compound  relative 
to  the  zirconium  compound ;  the  compound  of  higher 
molecular  weight  is  in  fact  more  volatile.  This  phe- 
nomenon also  appears  among  the  alkoxides  and  is, 
in  fact,  widespread  among  other  compounds.  An  ex- 
planation has  been  given  in  terms  of  statistical 
thermodynamics.4 

Fractional  Distillation  of  Alkoxides 

This  work  has  been  pioneered  by  Wardlaw,  Brad- 
lev  and  their  collaborators  at  Hirkbeck  College,  Uni- 
versity of  London,  and  is  still  being  pursued  on  a 
laboratory  scale. 

The  alkoxides  are  most  suitably  prepared  by  the 
action  of  dry  ammonia  on  a  suspension  of  the  pyrid- 
inium  zirconium  (hafnium)  hexachloride  in  a  dry 
mixture  of  iso-propanol  and  benzene.  The  products 
are  the  tetra-isopropoxides  with  alcohol  of  crystal- 
lisation.5 Other  alkoxides  of  less  volatile  alcohols 
may  be  obtained  by  refluxing  this  product  with  the 
appropriate  alcohol. 

Vapour  pressure  curves  have  been  determined  for 
a  number  of  alkoxides  prepared  from  pure  hafnium 
and  zirconium  compounds.  The  indications  are  that 
the  boiling  point  difference  increases  towards  higher 
pressures  but  thermal  decomposition  sets  a  limit  be- 
fore atmosphere  pressure  is  reached. 
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The  figures  below  illustrate  the  potentialities. 


Alkoxide 
Tert-butoxide 
Tert-amyloxide 


Boiling  point  of 

Z>  compound  at 

S  mm  Hg,  *C 

89.2 
137.0 


Boiling  point  of 

11  f  compound  at 

5  mm  Hg,  °C 

87.6 
135.8 


More  recent  results  have  shown  that  there  is  a 
tendency  for  the  vapour  pressure  curves  for  a  given 
set  of  zirconium  and  hafnium  compounds  to  con- 
verge towards  higher  temperatures.  This  means  that 
there  will  be  an  optimum  temperature  of  enrichment 
of  hafnium  in  the  vapour  phase  and  that  the  most 
economic  operation  will  depend  on  working  in  the 
vicinity  of  this  temperature. 

Paper  Chromatographic  Separation 

Paper  chromatographic  separation  of  these  metals 
has  been  investigated  and  developed  into  a  column 
process  at  the  Chemical  Research  Laboratory, 
D.S.I.R.,  Teddington.6'  7 

The  method  depends  on  the  more  rapid  elution  of 
zirconium  when  a  wad  of  cellulose  pulp  impreg- 
nated with  zirconyl  nitrate  is  treated  with  diethyl 
ether  containing  12.5  vol/vol  per  cent  of  concen- 
trated nitric  acid. 


About  70%  of  the  zirconium  can  be  obtained, 
with  a  content  of  less  than  0.01%  HfO2  (calculated 
on  ZrOo),  starting  with  200  gm  of  zirconyl  nitrate, 
ZrO(N03)2-2H20  (or  92gm  ZrO2). 

For  operation  on  the  large  scale  this  method 
would  appear  to  have  the  disadvantages  of  inflam- 
mability and  explosion  risks,  batch  processing  with 
consequent  high  costs  for  labour  and  analytical  con- 
trol, as  well  as  incomplete  yield.  On  the  credit  side 
the  zirconium  product  is  very  pure  and  is  sharply 
separated  from  elements  other  than  hafnium;  pure 
hafnium  salts  also  should  be  recoverable. 

Cation  Exchange  Process 

Lister  and  MkcDonald8  have  described  the  labor- 
atory development  of  this  process.  They  adsorbed 
zirconium  and  hafnium  together  in  a  thin  layer  at 
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Figure  3.  Hf/Zr  separation   ion-exchange  process  flow  diagram  (schematic) 


the  lop  of  a  column  of  cation  exchange  resin  ZK 
225  and  subsequently  eluted  the  adsorbed  cations 
with  0.5717  sulphuric  acid.  The  zirconium  moved 
down  the  column  ahead  of  the  hafnium  and,  with 
sufficient  column  length  95-98%  of  the  zirconium 
was  recovered  containing  less  than  0.01%  hafnium. 
The  hafnium  was  then  eluted  rapidly  with  1.5M  sul- 
phuric acid. 

This  process  is  quite  analogous  to  the  citrate  elu- 
tion  process  used  by  Spedding9  for  the  separation 
of  rare  earths.  The  resin  serves  only  as  an  inert 
substrate  for  the  cations  and  the  separation  results 
from  the  different  complex- forming  tendency  of  the 
ions  HfO2+  and  ZrOn  with  sulphuric  acid.  Any  dif- 
ference in  affinity  of  the  two  ions  for  the  resin  is  very 
slight  and  plays  no  significant  part  in  the  separation. 

For  the  production  of  kilogram  quantities  of  pure 
zirconium  and  small  quantities  of  hafnium  for  ex- 
perimental purposes,  this  method  has  been  scaled 
up  directly.  Figure  2  is  a  photograph  of  the  equip- 
ment used  in  its  final  form  and  Fig.  3  is  a  schematic 
drawing.  The  left-hand  "impregnation"  section  con- 
tained 13.3  kg  (dry  weight)  and  the  right-hand 
"main  column"  21.3  kg  (dry  weight)  of  resin.  The 
impregnation  section  consists  of  standard  lengths  of 
6  in.  diameter  Pyrex  tubing  and  the  main  column 
is  fabricated  from  perspex  sheet  with  one  face  kept 
smooth  and  free  from  flanges. 


In  operation  zirconyl  nitrate  solution  in  nitric  acidf 
is  pumped  continuously  from  a  storage  vessel  up- 
wards through  the  impregnation  section  at  a  flow 
rate  of  about  60  1/hr,  thus  maintaining  the  bed  in  a 
"fluidised"  condition.  The  solution  overflows  back 
to  the  storage  vessel.  This  cycling  is  continued  for 
about  30  hours  by  which  time  about  60%  of  the 
zirconium  in  the  feed  solution  is  adsorbed  on  the 
resin. 

The  unadsorbed  zirconium  is  precipitated  with 
ammonia  and  redissolved  in  nitric  acid  with  fresh 
zirconyl  nitrate  for  subsequent  runs. 

During  the  impregnation,  the  main  column  is 
"conditioned"  with  O.SAf  sulphuric  acid.  At  the  end 
of  the  impregnation  the  side  column  is  backwashed 
successively  with  2M  nitric  acid  and  distilled  water. 
0.5  M  sulphuric  acid  is  then  flowed  at  8  1/hr  down 
the  side  column  and  the  main  column  in  series  and 
the  effluent  collected  and  precipitated.  When  the  haf- 
nium content  rises  to  an  unacceptable  level  the  eluant 
is  changed  to  1.5M  sulphuric  acid,  which  removes  the 
remaining  zirconium  and  hafnium  from  the  column 
very  rapidly.  The  total  elution  time  is  approximately 
130  hours.  In  later  runs  the  later  stages  of  elution 
have  been  carried  out  concurrently  with  the  impreg- 
nation for  the  next  run. 


t  Volume  133  liters  Zr,  ca  17  gm/1  HNO,  2m. 
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Figure  4.  Concentration   and  purity  of  zirconium   in   eluate   for  a  typical  run 


In  the  development  of  the  process  the  feed  solu- 
tion was  "seeded"  with  Hf181  tracer  and  effluent  was 
monitored  for  hafnium  by  a  flow  counter  measuring 
y-activity,  and  by  spectrographic  analysis.  The  auto- 
matic sample  collector  for  taking  samples  at  fixed 
time  intervals  can  be  seen  at  the  right  of  the  photo- 
graph. Also  an  end-window  counter  automatically 
traversed  the  entire  length  of  the  main  column  in 
both  directions  once  per  hour.  A  "profile"  of  the 
hafnium  activity  on  the  column  was  thus  drawn 
every  hour  on  a  recorder  chart. 

In  later  runs  when  the  pattern  had  been  established 
the  column  was  operated  on  a  fixed  volume  cycle 
and  pre-arranged  fractions  were  treated  separately. 

Figure  4  is  a  record  of  a  typical  run  in  which  it 
will  be  seen  that  93%  of  the  zirconium  adsorbed  on 
the  resin  was  obtained  at  a  purity  level  of  0.035% 
hafnium  and  in  addition  21  gm  were  obtained  of  a 
hafnium-rich  fraction  containing  98%%  hafnium. 

This  process  gives  very  pure  zirconium  and  also 
Usefully  rich  hafnium  and  intermediate  fractions 
which  readily  lend  themselves  to  further  concentra- 
tion on  a  small  column. 

The  over-all  throughput  rate,  however,  for  ma- 


terial of  acceptable  quality  corresponds  to  about  0.05 
gm/hr-cm2  equipment  cross  section,  which  is  much 
too  slow  for  large-scale  production. 

Liquid-Liquid  Extraction  Using  Tributyl  Phosphate 
Tributyl  phosphate  ['TBP'VPO(C4HoO)a]  is 
known  to  form  liquid  complexes  with  a  number  of 
heavy  metal  cations  and  it  has  therefore  been  used 
as  a  complexing  solvent  in  liquid-liquid  extraction. 

For  zirconium  nitrate  in  moderately  concentrated 
solution  containing  free  nitric  acid,  an  equation  may 
be  formally  written 

Zr02+  +  2H+  +  4NCV  +  2TBP  — 
Zr(NO3)4'2TBP 

In  the  absence  of  adequate  knowledge  of  the  forms 
of  the  zirconium  species  present  or  of  the  activity 
coefficients  at  the  operating  concentrations  this  equa- 
tion has  not  been  quantitatively  confirmed  but  it 
serves  adequately  to  give  a  qualitative  picture  of  the 
observed  behaviour.  Writing  the  equilibrium  con- 
stant in  mass  terms,  we  have 

[Zr(NO3)4'2TBP] 
K  ~  G  [Zr02+]  [H+]2  [N08-]4  [TBP]2 
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Figure  5.  Partition  data  for  20%  TBP  at  approx.  10  gm/l  Zr  feed 

the  activity  coefficients  being  collected  into  the  term 
G.  Hence  the  zirconium  partition  coefficient  is 

A>jr  =  4  [H+]s  [N03-]4  [TBP]2 
G 

Thus,  ignoring  for  the  moment  any  variation  with 
concentration  of  the  activity  coefficient  term  G,  we 
should  expect  extraction  a  to  be  favoured  by  increase 
in  acidity,  total  nitrate  concentration  and  TBP  con- 
centration. The  operative  TBP  concentration  is  that 
of  the  free  TBP,  which  will  of  course  be  reduced 
from  that  in  the  original  solvent  owing  to  combina- 
tion with  zirconium,  in  this  way  the  over-all  zircon- 
ium concentration  will  affect  /Czr. 

If  the  zirconium  is  supplied  as  zirconyl  nitrate,  an 
apparent  concentration  effect  on  the  distribution  of 
zirconium  would  also  be  expected  owing  to  the  vari- 
ation of  nitrate  ion  concentration.  lastly,  the  term  G 
will  depend  on  concentration.  The  partition  coefficient 
I\ZT  would  therefore  be  expected  to  show  a  complex 
dependence  on  the  zirconium  concentration. 

Figure  5  shows  the  variation  of  KZr  and  A'nf  with 
nitric  acid  concentration  for  low  zirconium  concen- 
trations, the  organic  solvent  being  20  vol  %  TBP/ker- 
osene.  It  will  be  seen  that  for  efficient  extraction 
quite  high  acidities  are  necessary  with  a  consequent 
fall  in  the  separation  factor  ft. 

The  use  of  a  centre-feed  column,  however,  with 
high  nitric  acid  concentration  in  the  extraction 
(lower)  section  and  lower  acidity  in  the  stripping 
(upper)  section  wherein  hafnium  is  washed  back 
into  the  aqueous  phase,  gives  efficient  yield  and  sep- 
aration. Figure  6  shows  a  suitable  flowsheet  which 
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Figure  6.  Flowsheet  for  Hf/Zr  separation  using  20%  TBP  solvent 

has  been  operated  in  a  1-in.  diameter  column.  With 
these  conditions  94  per  cent  of  the  zirconium  was 
recovered  at  a  hafnium  content  of  0.04  per  cent. 

The  throughput  of  this  system  is  low,  mainly 
because  of  the  low  concentration  involved.  In  the 
1-inch  experimental  column,  the  maximum  practic- 
able operating  flow  rate  was  50  ml  TBP/kerosene 
per  minute,  corresponding  to  a  mass  flow  of  ca  2.5 
gm  zirconium/hr/cm2.  This  is  better  than  the 
throughput  of  the  ion-exchange  process  by  a  factor 
of  50  and  would  permit  of  a  nominal  production  of 
100  tons  zirconium  per  year  from  something  less 
than  0.7  m-  of  column  area  but  is  capable  of  fur- 
ther improvement. 

The  process  also  suffers  from  an  excessive  use 
of  reagents.  Thus  approximately  80  moles  of  nitric 
acid  pass  through  the  columns  for  every  mole  of 
zirconium  produced  and  the  recovery  of  this  nitric- 
acid  would  be  a  disproportionately  large  item  in  the 
costs  of  the  process.  Recycle  losses  on  the  solvent 
would  probably  also  be  high  owing  to  the  high  sol- 
vent/aqueous ratio. 

Further  work  was  therefore  directed  towards  in- 
creasing the  concentration  of  zirconium  in  the  sol- 
vent phase.  This  concentration  was  limited  in  the 
earlier  experiments  by  the  formation  of  a  third 
phase  in  the  solvent  layer  owing  to  the  limited  solu- 
bility of  the  zirconium  nitrate/TBP  compound  in 
kerosene.  This  situation  could  be  improved  by 
changing  the  diluent  to  xylene,  in  which  the  zircon- 
ium compound  is  more  readily  soluble.  When  all  the 
TBP  in  a  20%  solution  is  combined  with  zirconium, 
however,  the  solution  is  still  only  0.36M  in  zircon- 
ium. To  increase  this  the  TBP  concentration  must 
be  raised,  thus  increasing  the  viscosity  of  the  solvent 
layer;  an  upper  limit  is  therefore  set  by  difficulties 
in  operating  the  contactors.  As  a  suitable  compro- 
mise 50%  TBP/xylene  has  been  used. 

Increase  in  zirconium  concentration  also  brings 
about  a  marked  fall  in  the  zirconium  partition  coef- 
ficient as  is  instanced  by  Fig.  7  which  shows  the 
variation  of  K%r  with  zirconium  concentration  for 
50%  TBP/xylene  for  an  aqueous  feed  5M  in 
nitric  acid.  Although  the  zirconium  coefficients  are 
much  greater  than  with  the  20%  TBP  solvent  at 
comparable  acidity,  they  are  still  too  low  for  con- 
venient use.  To  give  suitable  working  conditions  the 
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Figure  7.  Variation  of  KZr  with  increasing  Zr  concentration  at  a 
constant  5M  NHO8  in  raffinate  after  equilibriation 

nitric  acid  concentration  has  therefore  been  in- 
creased further.  The  alternative  procedure  of  "salt- 
ing out"  from  the  aqueous  solution  by  adding  e.g., 
ammonium  nitrate  and  thus  increasing  the  total 
nitrate  concentration  in  the  aqueous  layer  creates 
more  difficulties  in  feed  preparation  and  reagent  re- 
covery than  it  solves.  The  flowsheet  finally  devel- 
oped is  shown  in  Fig.  8. 

This,  on  the  basis  of  a  similar  column  to  that  pre- 
viously used  gives  about  10  gm  Zr/hr/cm2 — a  fur- 
ther increase  in  throughput  by  a  factor  of  4. 

Moreover  the  nitric  acid  required  has  now  been 
reduced  to  approximately  10  moles  HNOs  per 
mole  Zr. 

RELATION  OF  HAFNIUM-REMOVAL  METHODS 
TO  THE  TOTAL  ORE-METAL  SCHEME 

Methods  1,  3-5 

These  methods  all  start  and  finish  essentially  with 
the  hydrous  zirconium  oxide.  This  compound  does 
not  appear  at  all,  however,  in  the  normal  (Kroll) 
extraction  route  shown  in  Fig.  9A.  Thus  two  prob- 
lems are  posed — preparation  of  the  hydrous  oxide 
from  zircon  sand  and  its  reduction  to  metal.  The 
reduction  can  be  performed  relatively  simply  through 
the  chloride  as  in  the  Kroll  process.  The  hydrous 
oxide  may  be  ignited  to  the  oxide,  which  is  then 
briquetted  with  a  carbonaceous  binder.  The  briqu- 
ettes are  chlorinated  and  the  anhydrous  chloride 
which  distils  over  is  condensed.  Another  possible 
tions  by  D.  C.  Bradley  and  W.  Wardlaw  of  Birkbeck 
route  has  been  indicated10  by  the  recent  investiga- 
College,  London.  These  authors  have  shown  that 
chlorination  of  zirconium  oxychloride  hydrate  to  the 
tetrachloride  can  be  brought  about  by  refluxing  with 
thionyl  chloride  at  atmospheric  pressure.  The  reac- 
tion from  the  oxychloride  goes  very  much  more 


easily  than  the  parallel  reactions  for  the  ignited  or 
hydrous  oxides  which  have  been  investigated  by 
Hecht  and  co-workers.11  Alternatively  the  hydrous 
oxide  might  be  used  as  starting  point  for  other  zir- 
conium compounds  (e.g.,  oxide  or  fluorozirconate) 
which  it  has  been  proposed  to  reduce12  to  give  the 
metal. 

The  hydrous  oxide  has  been  prepared13  by  fusing 
zircon  sand  with  caustic  soda  to  give  a  "frit" — a 
mixture  of  sodium  zirconate  and  silicate.  This  was 
washed  with  water  when  the  soluble  sodium  silicate 
was  removed  and  the  zirconate  hydrolysed  to  an  im- 
pure hydrous  zirconium  oxide,  which  was  readily 
soluble  in  dilute  acids. 

Experiments  have  been  made  with  such  a  "washed 
frit"  as  feed  material  to  the  TBP  process.  The  only 
difficulties  arose  from  the  small  amount  of  silica 
which  is  not  removed  by  washing.  Some  of  this  is 
finely  divided  insoluble  material  which  appears  to 
be  the  source  of  serious  emulsification  in  the  con- 
tactors. A  preliminary  filtration  after  the  addition  of 
calcined  Kiesclguhr  has  been  found  effective  in  cur- 
ing this  trouble.  The  second  difficulty  derives  from 
dissolved  silica  which  causes  the  aqueous  stream  from 
the  first  extraction  column  to  "gel"  after  a  few 
hours  standing.  Since  this  stream  contains  about 
80%  of  the  nitric  acid  fed  to  the  first  column  and 
should  go  to  a  nitric  acid  recovery  stage,  a  satisfac- 
tory solution  of  this  difficulty  is  significant  to  the 
economics  of  the  process. 

Thus  a  suitable  combination  of  these  processes 
gives  a  "wet  extraction"  route  from  the  crude  zircon 
sand  to  the  purified  hafnium- free  hydrous  oxide 
from  which  a  number  of  possible  routes  exist  to  the 
metal.  The  wet  extraction  scheme  is  shown  in 
Fig.  9B. 

Method  2 

The  alkoxide  method  starts  essentially  from  zir- 
conium tetrachloride  and  finishes  with  an  alkoxide 
which,  so  far  at  least,  has  been  converted  to  oxide. 
This  process  therefore  requires  a  change  from  the 
anhydrous  tetrachloride  to  the  hydrous  oxide  and 
back  to  the  tetrachloride,  which  is  not  attractive 
economically.  Moreover  the  cost  of  the  zirconium 
by  the  time  it  has  been  made  into  tetrachloride  is 
relatively  high  and  the  separation  process  would 
therefore  have  to  be  very  efficient  to  overcome  the 
disadvantages  of  starting  with  an  expensive  material. 
On  the  other  hand  it  is  not  essential  to  isolate  the 
tetrachloride  since  this  can  be  prepared  (by  the 
method  of  Bradley  and  Wardlaw  described  above) 
from  the  oxychloride.  In  this  light  the  alkoxide  sep- 
aration process  is  also  a  "wet"  process. 

Comparative  data  for  the  processes  described 
in  this  paper  are  shown  in  Table  I. 

CONCLUSION 

The  general  Inclusion  from  the  above  discussion 
is  that  the  separation  methods  described  fit  more 
readily  into  a  caustic  soda  ore-extraction  metallurgy 
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Table  I.   Comparative  Data  for  the  Separation  Processes 


1.  POCh  addition 

2.  Alkoxidrs 

3.  Paper  chromatography 

4.  fan  exchange 

5.  TBP  extraction 

Source  of 
separation 

Heat  for  distillation 
(only  partly  recover- 
able) 

Cellulose  (solid 
substrate)  -f  HNO3 
(difficult  to  recover) 

Exchange  resin 
(solid  substrate 
recoverable)  -}- 
H2SO4  (difficult 
to  recover) 

TBP/Xylcne 
(recoverable)  •+• 
HNOi  (mostly 
recoverable) 

Separation 
factor 

1.14 

1.01-1.02 
(at  160°C) 

Probably  high 

—4 

—4 

Purity  obtained 
in  experimental 
work 

<0.1%  Hf 

— 

0.01%  Hf 

0.02%  Hf 
(90%  recovery) 

0.03%  Hf 

Throughput  of 
pure  Zr 

3  gm/hr/cm2 

Low,  owing  to 
the  necessarily 
high  reflux  ratio 

0.05  gm/hr/cm2 

0.05  gm/hr/cm'-4 

10  gm/hr/cm2 

Chemical  form 
of  Zr  fed  to 
separation 
equipment 

Dry  Zr02 

ZrOCl2.-8H2O, 
Hydrous  ZrO2 
orZrCl* 

Hydrous  ZrOj 
(impure) 

Hydrous  ZrOf 
(impure) 

Hydrous  ZrO2 
(impure) 

Auxiliary 
reagents 

PCU 

Pyridine,  benzene, 
alcohols,  NH3 

Ether 

HNO, 

None 

Plant 
materials 

Only  glass 
has  been 
used  so  far 

Glass 

Glass  or  stain- 
less steel 

Glass  or 
rubber-lined 
steel 

Stainless 
steel 

Type  of 
operation 

Continuous 

Intended  to  bo 
continuous 

Hatch 

Batch 

Continuous 

Operational 
difficulties 

Anhydrous 
conditions 
essential 

Anhydrous 
conditions 
essential 

Fire  risks 

Simple  to 
operate 

Slight  fire 
hazard  from 
xylene,  contactor 
problems  arise 
from  viscosity, 
low  density 
difference,  and 
emulsification 

Chemical  form 

ZrCU/POCli 

Zr(OBu)4+BuOH, 

or  Zr  (OisoAm)  4+ 
iso  AmO  H 

ZrO(NO.),in 
ether  +  HNOa 

ZrOSO4  in 
tfH2S04 

Zr()(NO3)2in 
aqueous  0.5  Kf 
HNOi 

than  into  the  established  carbide  process.  Their  po- 
sition would  be  considerably  strengthened  if  for  any 
reason  alternatives  to  the  chloride  reduction  route 
became  attractive. 
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The  Use  of  Radioactive  Isotopes  in  the  Study  of  the  Analytical 
Chemistry  of  Zirconium  and  Hafnium 


By  N.  S.  Poluectov,  Ukrainian  SSR 


In  spite  of  more  than  150  years  having  elapsed 
since  the  discovery  of  zirconium,  the  analytic  chemis- 
try of  this  element  to  this  day  is  comparatively  little 
explored.  Till  recently  zirconium  was  determined 
by  rather  protracted  methods,  mainly  founded  on 
weighing.  There  were  very  few  data  on  the  properties 
of  the  water  solutions  of  salts  of  this  element  which 
are  so  important  for  analytic  chemistry,  on  the 
extent  of  their  hydrolysis  in  various  conditions,  on 
zirconium's  iones  capacity  for  complex-forming,  etc. 
It  is  but  lately  that  certain  investigations  have  been 
made  in  the  research  of  sufficiently  quick  and  simple 
colorimetric  and  volumetric  methods  for  determina- 
tion of  zirconium. 

As  regards  hafnium,  its  chemical  properties  being 
similar  to  those  of  zirconium,  to  this  day  no  direct 
chemical  methods  are  known  by  which  it  may  be 
determined  in  the  presence  of  the  latter.  In  this  view 
the  roentgenospectral  and  optic  spectral  methods 
requiring  complicated  apparatus  (the  latter  has  been 
but  recently  developed  and  proved  to  be  more  ac- 
cessible) usually  are  made  use  of.  The  indirect 
chemical  methods,  based  on  differences  in  the  atomic 
weights  of  elements,  are  extremely  complicated  and 
of  limited  application. 

With  the  increasing  need  for  pure  preparations 
of  zirconium  and  hafnium,  the  necessity  arises  to 
find  simple,  quick  and  useful  for  practice  methods 
for  determination  of  these  elements.  It  was  neces- 
sary to  develop  the  colorimetric  and  volumetric 
methods  for  estimation  of  the  quality  of  ore,  and 
also  to  provide  methods  for  extracting  or  concentrat- 
ing hafnium  out  of  preparations  of  zirconium. 

In  the  course  of  the  present  work  it  was  found 
useful  to  apply  the  method  of  labelled  radioactive 
tracer  for  controlling  the  distribution  of  zirconium 
and  hafnium  through  the  various  stages  of  analysis. 
This  method  brings  quick  results  in  cases  when  they 
may  not  be  obtained  in  other  ways. 

The  present  paper  contains  the  results  of  in- 
vestigations conducted  during  1952-1954  with  ap- 
plication of  radioactive  isotopes,  aimed  at  working 
out  a  method  for  determination  of  zirconium  in 
ores,  and  likewise  methods  for  separating  hafnium 
by  means  of  distributive  chromatography  on  paper 
and  by  counter-current  extraction. 


Original  language:  Russian. 


1.     COLORIMETRIC  DETERMINATION 
OF  ZIRCONIUM  IN  ORES 

The  object  of  the  present  work  is  to  develop  a 
simple  method  of  color imetrical  determination  of 
zirconium  which  would  ensure  sufficient  precision 
in  the  determination  of  both  zirconium  and  hafnium. 
Further  on,  it  was  desirable  to  reduce  as  far  as 
possible  the  number  of  operations  involved  in  separat- 
ing zirconium  from  alien  elements.  The  best  way  of 
doing  this  would  be  a  method  enabling  the  determina- 
tion of  zirconium  without  separating  it  previously 
out  of  other  elements;  in  case  of  its  low  content, 
preliminary  concentration  of  zirconium  might  be 
needed.  The  papers  give  a  number  of  methods  for 
colorimetric  determination  of  zirconium,  for  instance 
with  alizarin,1  with  dimethylaminoazophenylarsonic 
acid,2  with  quercetin3  and  alizarin  red.4~e 

Some  of  these  methods  are  cither  inconvenient,1'2 
or  insufficiently  explored  as  to  interference  with  such 
alien  metals  as,  for  instance,  tantalum  or  niobium, 
which  may  be  present  in  the  sample.3"6  Therefore,  it 
was  desirable  to  conduct  a  comparative  assay  to 
determine  fitness  of  various  reagents  for  colorimetric 
determination  of  zirconium. 

As  a  result  of  the  work  completed  it  was  found 
that  the  most  practicable  reagents  for  the  determina- 
tion of  zirconium  are  dyes  having  hydroxile  groups 
in  orthoposition  to  each  other,  or  in  the  quinone 
group.  Those  reagents  may  also  have  2  hydroxile 
groups  in  orthoposition  to  the  azo-group  (in  azo- 
dyes)  in  various  nucleus  (benzole  or  naphthaline). 
It  was  pointed  out  in  papers  that  the  organic  re- 
agents containing  O-dioxyphenyl  group  become 
capable  to  react  with  zirconium.7  To  the  fitting  re- 
agents belong  also  azo-dyes  containing  an  arseno 
group  in  orthoposition  to  the  azo-group  in  one 
aromatic  nucleus,  and  a  hydroxile  atom  group  in 
the  same  position  in  the  other. 

Table  T  shows  some  of  the  explored  reagents  with 
figures  on  their  sensitivity.  The  latter  is  characterized 
by  the  value  of  light  extinction  measured  with  a 
suitable  light  filter  and  recalculated  for  10  /*g  of 
zirconium  in  10  ml,  the  length  of  the  cells  being 
10  mm.  The  ability  of  the  compounds  marked  as 
No.  4  and  5  in  the  table  to  react  with  zirconium  has 
been  mentioned  earlier.4"0*8 

The  next  stage  was  the  studying  of  the  relation- 
ship between  the  reagents  and  other  elements  which 
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can  be  present  in  ores.  It  was  found  out  that 
the  most  sensitive  reagent — phenylfluorone — is  the 
least  specific,  as  it  reacts  with  salts  of  iron  (III), 
titanium,  molybdenum,  tungsten,  tin  (IV),  and  to  a 
smaller  extent  with  niobates  and  tantalates.  "Ar- 
senazo"  and  alizarin  red  proved  to  be  the  most 
suitable.  "Arsenazo"  reacts  feebly  with  niobium, 
tantalum  and  molybdenum.  Alizarin  red  gives  a 
feeble  reaction  to  titanium  as  well.  Large  quantities 
of  ferric  salts  somewhat  hinder  the  determination 
of  zirconium. 

To  eliminate  this  obstacle,  the  iron  (III)  is  to  be 
reduced  to  a  bivalent  state. 

The  influence  of  other  elements  which  at  high 
concentrations  hinder  the  determination  of  zirco- 
nium, could  not  be  eliminated  either  by  changed 
acidity  or  by  selection  of  respective  camouflaging 
means  as  all  the  tested  complex- formers  camouflaged 
first  of  all  the  very  zirconium.  But  it  was  established 
however,  that  under  definite  circumstances  com- 
plexone-lll-ethylenediamine-tetraacetic  acid,  which 
camouflages  zirconium  in  colour  reactions,  leaves 
untouched  the  weakly  coloured  compounds  of  other 
metals.  Further  on,  the  possibility  was  found  to 
eliminate  hindrances  at  the  determination  of  zir- 
conium, on  the  part  of  the  other  elements.  It  con- 
sisted in  the  following:  the  solution  of  the  sample 
with  the  reagents  is  subjected  to  photocolorimetric 
operation,  the  blind  sample  solution  being  the  very 
solution  in  which  complexone  camouflages  zirco- 
nium. The  extinction  of  light  by  coloured  compounds 
of  alien  metals,  if  the  work  is  conducted  on  a  double- 
armed  colorimeter,  is  optically  deducted  from  the 
extinction  of  light  by  the  sample  solution  and  in 
this  way  consistent  results  are  obtained  for  zir- 
conium. For  example,  the  presence  of  1  mg  of  titani- 
um or  0.1  mg  of  niobium  at  usual  colorimetry  with 
"arsenazo"  increases  the  actual  amount  of  zirconium 
by  5-6  micrograms  its  content  being  40  jig.  The 
presence  of  1  mg  of  titanium  or  niobium  does  not 
cause  any  serious  errors,  if  at  colorimetric  operation 
the  use  is  made  of  sample  solution  holding  reagents 
and  complexone  as  a  means  for  control.  When  200  /*g 

Table  I.     Reagents  for  Colorimetric 
Determination  of  Zirconium 


r  No. 


Reagents 


Acidity  of  Chan  Re  in 

solution,  color  when 

HC1,  adding  salts  of      Realtive 

N  zirconium        sensitivity 


1  .     Phcnylfluorono 

0.15-0.85  yellow-red 

1.05 

2.    4-nitrobenzolazo- 
pyrocatcchinc 

0.5           the  same 

0.15 

3.  4-sulfo-2-naphthole-      0.1-0.4       brownish-          0.13 
1-azoresorcine  yellow-pink 

4.  2-arsonobenzole-l- 
azo-2-chromotropic 
acid  (arsenazo) 


5.    Alizarin  red 


0.25       pink-violet        0.11 
0.5        yellow-red         0.05 


of  zirconium  are  tested  with  alizarin  red  by  the  usual 
method,  the  presence  of  1  mg  of  niobium  causes  an 
error  of  +  30  fig;  1  mg  of  titanium — an  error  of 
+  50  /Ag  of  zirconium.  When  the  use  is  made  of 
complexone,  the  presence  of  eVen  3  mg  of  niobium 
and  20  mg  of  titanium  does  not  influence  the  results. 

The  application  of  the  above-mentioned  method 
of  colorimetric  operation  made  it  possible  to  work 
out  the  following  methods  for  analysis  of  zirconium 
ores.  The  sample  is  melted  with  a  mixture  of  borax 
and  soda,  the  melt  being  dissolved  in  water  and  the 
precipitate  of  hydroxides  filtered.  After  washing,  the 
precipitate  is  dissolved  in  hydrochloric  acid  calcu- 
lated to  produce  a  solution  of  definite  acidity;  then 
it  is  diluted  to  a  definite  volume  and  an  aliquot  of 
it  is  colorimetrically  determined.  This  method  en- 
sures fast  determination  of  zirconium  in  ores  with 
a  zirconium  content  of  02c/o  and  more,  the  sample 
of  ore  being  500  mg. 

To  determine  zirconium  in  cases  of  its  lower  con- 
tent in  the  ore  (hundredths  and  thousandths  of  %) 
direct  colorimetry  of  the  tested  solution  by  the  above 
method  is  hardly  suitable.  In  this  case  the  zirconium 
must  be  extracted  and  concentrated  prior  to  its  col- 
orimetric determination. 

When  working  out  a  method  for  concentrating 
zirconium  a  radioactive  isotope  of  hafnium-181  was 
employed  instead  of  the  zirconium-95,  owing  to  the 
greater  simplicity  of  operations  with  Hf181  (absence 
of  an  affiliate  isotope  of  another  element  as  in  the 
case  of  Zr95).  The  application  of  the  method  of 
marked  atoms  made  it  easier  to  follow  the  distribu- 
tion of  zirconium  among  phases  at  various  stages  of 
analysis.  Due  to  the  similarity  of  the  chemical  prop- 
erties of  zirconium  and  hafnium,  and  to  the  prevail- 
ing content  of  zirconium,  as  compared  to  that  of  haf- 
nium, the  behaviour  of  the  isotope  Hf181  corres- 
ponded to  the  behaviour  of  zirconium. 

In  the  first  place  a  suitable  precipitant  was  chosen 
for  precipitating  microgram  quantities  of  zirconium, 
provided  its  simultaneous  separation  out  of  the 
present  elements.  It  was  found  out  that  phenylarsenic 
acid  in  IN  solution  of  hydrochloric  acid  could  pre- 
cipitate as  much  as  25  /xg  of  zirconium.  The  efficiency 
of  precipitation  in  this  case  reached  94-95%.  The 
presence  of  hydrogen  peroxide  ensures  the  separa- 
tion of  zirconium  from  tantalum,  titanium,  niobium 
and  other  metals,  and  also,  to  a  great  extent,  from 
tin.  No  suitable  collector  was  found.  To  determine 
zirconium  colorimetrically  it  is  necessary  to  find  a 
method  to  dissolve  it  after  it  is  concentrated  out  of 
phenylarsonate  sediment.  After  a  series  of  experi- 
ments it  was  found  possible  to  process  the  phenyl- 
arsonate precipitate  on  the  filter  with  ammonia,  and 
then  with  hydrochloric  acid.  Under  the  influence  of 
ammonia  zirconium  phenylarsonate  decomposes  with 
the  formation  of  a  hydroxide,  which  subsequently 
being  processed  with  hydrochloric  acid  produces  a 
solution  of  zirconium  oxychloride,  suitable  for  col- 
orimetric determination.  Testing  by  means  of  the 
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radioactive  isotope  of  hafnium  showed,  however, 
that  in  this  case  a  part  of  the  zirconium  (up  to  7%, 
the  total  zirconium  being  100  /*g)  passes  into  the 
alkaline  filtrate,  possible,  in  the  form  of  a  colloid 
solution.  At  the  same  time  a  part  of  the  zirconium 
from  5  to  12% — after  processing  it  with  hydro- 
chloric acid — remains  on  the  filter  and  thus  is  lost. 
On  this  account  respective  modifications  were  in- 
troduced into  the  course  of  the  analysis.  From  the 
ammoniacal  filtrate  the  zirconium  was  additionally 
precipitated  on  aluminium  hydroxide.  To  dissolve 
zirconium  completely,  the  filter  was  additionally 
processed  with  oxalic  acid,  which  converts  the  zir- 
conium into  a  complex  anione  not  absorbed  by  the 
filtering  paper. 

Experiments  conducted  on  artificial  mixtures  with 
a  zirconium  content  of  0.5-0.1  mg  (0.1-0.02%  in 
relation  to  the  whole  amount  of  metals  present), 
with  the  addition  of  the  radioactive  isotope  of  haf- 
nium, demonstrated  that  in  these  conditions  94-97% 
of  the  zirconium  content  in  the  solution  passes  into 
the  colorimetric  solution. 

After  the  introduced  modifications,  the  whole  pro- 
cedure of  the  analysis  consisted  of  the  following 
operations : 

(1)  A  sample  is  frited  with  a  mixture  of  borax 
and  soda,  the  mixture  dissolved  in  water,  the  pre- 
cipitate filtered  off  and  washed. 

(2)  The  precipitate  is  then  dissolved  in  hydro- 
chloric acid  and  after  the  addition  of  hydrogen  per- 
oxide the  zirconium,  from  the  obtained  solution,  IN 
to  the  hydrochloric  acid,  is  precipitated  with  phenyl- 
arsonic  acid. 

(3)  After  settling,  the  precipitate  is  filtered  off, 
washed  and  processed  on  the  filter  with  ammonia, 
deprived  of  its  carbonate  ion.  To  the  ammoniacal 
solution  is  added  0.5  ml  of  the  aluminium  chloride 
solution    (6  mg/ml  Al«)    and   the  whole   is  again 
passed  through  the   same  filter.   In  conclusion  the 
precipitate  is  several  times  washed  with  a  2%  solu- 
tion of  sodium  chloride. 

(4)  The  precipitate  is  dissolved  on  a  filter  in  6.7 
ml  of  hot  5  N  hydrochloric  acid ;  the  filter,  after  being 
twice  washed  with  water,  is  processed  with  2  ml  of 
hot  oxalic  acid  and  again  washed  with  water.  Before 
the    beginning    of    colorimetric    determination    the 
oxalic  acid  in  the  solution  must  be  destroyed,  which 

Table  II.     Distribution  of  Isotope  of  Hafnium-181 
When  Conducting  Stages  of  Ore  Analysis 

Distribution  of  Hf  *•'  during  analysis 

Filtrate  after 

ZrO*  content  nitrate  after    processing,  of      Final  hy- 

in  sample.  Filtrate  after    phenyl  arsonic    precipitate       drochloric 

No.  %  melting  add  precip.  with  ammonia       solution 


Table  III.   Analysis  of  Ores  with  Addition 
of  Zirconium 


1 

0.0332 

0 

1.58 

1.8 

96.6 

2 

0.05 

3.5 

1.65 

0.4 

94.5 

3 

0.16 

0.35 

1.8 

0.89 

97.0 

4 

0.2 

1.28 

2.2 

0 

96.5 

S 

2.0 

0.82 

0.41 

0.51 

98.2 

No. 

ZrOj  con- 
tent in 
sample, 

Vo 

Added 
ZrO2, 

Total 
tontent 

-4  mount  of 
ZrOa  found 
in  sample 
with  add., 

Difff  rente, 

1 

0.02 

0.05 

0.07 

0.069 

0.001 

2 

0.025 

0.04 

0.065 

0.066 

±0 

3 

0.028 

0.05 

0.078 

0.08 

+0.002 

4 

0.04 

0.05 

0.09 

0.089 

-0.001 

5 

0.078 

0.1 

0.178 

0.19 

+0.012 

6 

0.09 

0.05 

0.14 

0.148 

+0.008 

7 

0.092 

0.04 

0.132 

0.128 

-0.004 

8 

0.107 

0.04 

0.147 

0.147 

0 

9 

0.16 

0.1 

0.26 

0.255 

-0.005 

is  achieved  by  processing  it  with  potassium  per- 
manganate and  boiling.  The  excessive  permanganate 
is  reduced  by  a  drop  of  hydroxylamine  hydrochloride 
solution. 

( 5 )  The  solution  being  cooled  and  diluted  to  25 
ml,  its  zirconium  content  is  determined,  for  which 
an  aliquot  of  the  solution  is  mixed  with  the  reagent 
(definite  acidity  being  observed)  and  the  light  ex- 
tinction is  assayed  on  a  photocolorimetcr  with  a  yel- 
low- light-filter  (maximum  passage  570  HI/A). 

To  examine  the  degree  of  zirconium  dissolution  in 
colorimetric  solution,  the  isotope  of  hafnium-181 
was  added  to  the  ore  samples  in  amounts  to  1-2  /AC  ; 
its  distribution  in  the  stages  of  analysis  was  deter- 
mined by  measurements  of  its  activity. 

The  results  are  given  in  Table  TT. 

As  it  can  be  seen  from  the  table,  94.5-97%  of  the 
present  zirconium  passes  into  the  colorimetric  solu- 
tion, which  in  cases  of  its  low  content  may  be  con- 
sidered sufficient.  The  control  analysis  conducted  on 
a  number  of  samples  containing  0.01-0.2%  of  zir- 
conium oxide  showed  a  satisfactory  coincidence 
(within  the  limits  of  0.01-0.02%)  with  the  data  of 
the  spectral  method. 

The  results  of  analysis  of  zirconium  ores  with 
additions  of  zirconium  arc  given  in  Table  III.  Col- 
orimetry  was  fulfilled  with  the  aid  of  the  "arsenazo" 
reagent. 

The  difference  between  the  found  and  total  zir- 
conium content  only  in  one  case  exceeds  0.01%,  the 
error,  however,  being  less  than  7%  (relative). 

In  conclusion  it  seemed  interesting  to  us  to  check 
the  distribution  of  niobium  and  tantalum  in  the 
course  of  the  analysis,  considering  the  possibility  of 
interference  on  their  part  during  the  colorimetric 
determination  of  zirconium.  This  was  fulfilled  by 
addition  of  a  definite  quantity  (2-3  /AC)  of  radio- 
active isotope  (Nb95  or  Ta192)  to  the  ore  and  by 
determining  the  activity  of  solutions  obtained  in  the 
course  of  analysis.  The  zirconium  content  of  the 
ore  was  0.04%,  0.2  and  2.0%.  The  niobium  and 
tantalum  contents  ranged  from  hundredths  and  thous- 
andths of  per  cent  to  2.2%.  (In  the  latter  case  ar- 
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tificial  additions  were  made  to  the  respective  ores). 
The  results  are  given  in  Table  IV. 

With  small  amounts  of  zirconium,  more  than  half 
of  the  niobium  is  removed  already  during  the  filter- 
ing of  the  solution  obtained  at  the  leaching  of  the 
horate-carbonate  melt.  With  large  amounts  of  zir- 
conium, only  a  minor  part  of  the  niobium  passes 
into  the  alkaline  solution,  while  its  greater  part  is 
precipitated  with  the  zirconium  phenylarsonate. 

As  to  tantalum,  as  it  is  seen  from  the  table,  it  is 
completely  absent  in  the  filtrate  of  the  alkaline  solu- 
tion of  the  alloy,  owing  to  easier  hydrolysis  of  tan- 
talates.  The  greater  part  of  it  remains  in  the  filtrate 
after  precipitation  by  phenylarsonic  acid. 

The  little  quantities  of  tantalum  and  niobium  that 
pass  with  zirconium  into  the  solution  to  be  colori- 
mctrated  render  the  use  of  complexone  unnecessary. 

The  above  method  of  analysis  was  used  for  deter- 
mination of  zirconium  contents  in  ores. 

2.   DETERMINATION  OF  ZIRCONIUM  AND  HAFNIUM 

IN    MIXTURE  BY  MEANS  OF  DISTRIBUTIVE   PAPER 

CHROMATOGRAPHY 

Except  physical  methods  of  analysis  (chiefly  spec- 
tral and  roentgenospectral),  the  determination  of 
hafnium  in  mixtures  with  zirconium  may  be  effected 
only  by  indirect  chemical  methods,  based  on  differ- 
ences of  their  atomic  weights.  We  cannot  pay  much 
attention  to  the  earlier  works.  We  only  note  that 
recently  it  was  suggested  that  the  ratio  of  />-bromo- 
mandelatcs  weight  to  that  of  the  oxides  obtained 
from  them  should  be  taken  into  consideration.0 

Tt  was  necessary  to  work  out  a  method  for  direct 
determination  of  Hf  mixed  with  Zr,  after  it  is  sepa- 
rated, for  application  of  indirect  methods  brings 
always  a  number  of  obstacles  and  especially  when 
foreign  elements  are  present. 

The  properties  of  Zr  and  Hf  having  much  in  com- 
mon, chemical  methods  for  their  separation  are  not 
efficient  at  one  operation.  Tt  could  be  achieved  only 
by  means  of  many  repeating  operations.  Chroma- 
tographic  methods  at  which  repeating  process  of 
separation  is  automatic  are,  therefore,  the  best  for 


this  purpose.  Chromatography  on  ion-exchange  res- 
ins or  on  silica  gel  made  it  possible  to  obtain  more 
complete  separation  of  zirconium  from  hafnium. 

For  analytical  purposes,  especially  wide  use  has 
been  made  of  the  method  of  'distributive  chroma- 
tography  on  paper.  The  value  of  this  method  and 
its  adequacy  for  identifying  various  substances  of 
organic  and  inorganic  origin  in  mixtures  has  been 
demonstrated  lately  in  a  multitude  of  cases.  There- 
fore, we  tried  to  apply  this  method  for  the  separa- 
tion of  zirconium  and  hafnium  and  their  subsequent 
determination. 

The  first  problem  was  to  select  the  conditions  re- 
quired for  the  separation  of  the  above  elements  on 
filter  paper.  To  examine  the  Distribution  of  zir- 
conium and  hafnium  on  the  chromatogram  obtained 
on  a  strip  of  paper,  the  solvent  was  removed  by 
drying  and  the  chromatogram  was  developed  by 
moistening  with  a  solution  of  the  "arsenazo"  reagent. 
The  position  of  zirconium  and  hafnium  was  deter- 
mined by  the  situation  of  the  violet-coloured  spots. 

As  both  elements  similarly  react  with  the  reagent, 
in  order  to  ascertain  the  position  of  the  hafnium 
area,  1-3  microcuries  of  the  radioactive  isotope  of 
hafnium-181  were  added  into  a  mixture  of  the  salts 
intended  for  their  separation.  The  developed  chroma- 
togram was  cut  into  pieces  and  the  activity  of 
each  piece  was  measured  with  a  counter,  which  gave 
us  data  on  the  distribution  of  hafnium  on  the 
chromatogram. 

The  experiments  were  conducted  with  the  usual 
equipment  by  using  both  the  descending  and  ascend- 
ing methods. 

Systems  of  various  organic  solvents  (alcohols, 
ethers,  ketones)  and  inorganic  acids — hydrochloric, 
nitric  and  hydrobromic — taken  in  a  concentration  of 
up  to  10  per  cent  to  total  volume  were  thoroughly 
studied.  However,  in  this  way  no  separation  could 
be  obtained,  in  processing  with  "arsenazo"  an  un- 
broken coloured  band  appeared  on  a  strip  of  paper, 
which  testifies  that  the  elements  moved  along  the 
paper  not  in  separate  zones  but  in  a  whole  stream. 

Separation   was   achieved   by   means   of    solvents 


Table  IV.     Distribution  of  Niobium  and  Tantalum  in  the  Course  of 
Analysis  for  Determining  Zirconium 


Weighed 

ore 

samples. 
No.  mg 


Contents  in  ore,  % 


Distribution  of  element  in  course  of  analysis,  % 


ZrOs  Nb«06 


Filtrate  after 
alkaline  fusion 


Filtrate  after 
Precipitation  with 
phenylarsonic  acid 


Filtrate  after 
decamp,  of  phe- 
nylarsonate by 
ammonia 


Final  hydrochloric 
acid  solution 


1 

2 
3 
4 

5 
6 

7 


(a)  Distribution  of  niobium 


500 
500 
100 
100 

500 
100 
100 


0.04  0.3     traces 

0.2  0.3     traces 

2.0  0.04  traces 

2.0  2.54  traces 


54.5 
67 
11.8 
5.4 


43.2 
30.6 

67  - 
83.5 


(b)  Distribution  of  tantalum 
0.04  0.3     traces               0  99.5 

2.0     0.04  traces  0  98.75 

2.0     0.04     2.5  0  99.1 


0 

2.4 
6.6 
3.35 

0.5 

0 

0 


2.4 
0 

14.6 
7,0 

0 

1.25 

0.96 
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Table  V.     Distribution  of  Zones  of  Zirconium  and  Hafnium  and  Distribution  of 
Radioactive  Isotope  of  Hafnium-181  during  Chromatography  on  Paper* 


Range  of  element  areas  from  the  plate 

of  application  of  the  drop  of  the 

solution,  cm 


Content  of  isotope  of  /ta/nww-181  (%)  to  its  total 
amount,  in  separate  parts  of  chromatogram 


No. 

Contents  of  HfOt 
in  mixtures, 
^    Solvent                             per  cent                   Zirconium 

Hafnium 

In  the  plact  of 
the  application 
of  the  drop 

In  the  area  of 
zirconium 

In  the  area  of 
hafnium 

fittween  the 
zones  of  Zr 
and  Ilf 

1. 

Buthanole 

1.0 

7.4-12.6 

1.6-  4.6 

3.7 

1.3 

95 

_ 

HN03 

55:45 

2. 

Buthanole  HNO3 

1.0 

9.2-15.0 

3.6-  7.0 

0 

5.5 

94,5 

_ 

1:1 

3. 

Amylic  alcohol 

1.0 

4.6-10.8 

0.8-  3.6 

8 

0 

87 

5 

HNO3   7:3 

4. 

Amylic  alcohol 

1.0 

4.8-11.4 

1.5-  4.0 

6 

0 

88 

6 

HN03   6:4 

5. 

Ether  IICNS 

1.0 

3.0  20.8 

22.6-27.2 

0 

3 

97 

- 

6. 

Ether  HCNS 

1.0 

0.5-12.8 

14.2-16.5 

0 

8.5 

91.5 

— 

Area  of  solvent  displacement  at  all  tests  equals  approximately  50  cm. 


(butanol  and  amyl  alcohol)  containing  nitric  acid  in 
concentrations  up  to  30-50  per  cent  of  the  volume, 
as  well  as  by  the  use  of  an  ethereal  solution  of  thio- 
cyanic  acid  (2.8-3 DM).  The  latter  solvent  has  been 
recommended  for  use  in  separating  zirconium  and 
hafnium  by  the  extraction  method.12 

The  position  of  the  areas  obtained  at  the  separa- 
tion of  zirconium  and  hafnium  with  these  solvents 
and  the  distribution  of  hafnium  in  zones  according 
to  its  activity  are  presented  in  Table  V. 

When  separating  with  a  mixture  of  solvents  with 
nitric  acid,  the  zirconium  zone  appears  in  front  (in 
the  direction  of  the  movement  of  the  solvent),  while 
the  zone  of  hafnium  is  situated  behind,  nearer  to 
the  place  where  the  drop  was  applied.  It  is  better 
to  make  use  of  amyl  alcohol,  as  in  experiments  with 
butanol  a  certain  amount  of  hafnium  remains  with 
the  zirconium.  With  the  use  of  the  ether  containing 
thiocyanic  acid,  the  position  of  the  zones  is  reversed, 
the  hafnium  zone  being  situated  in  front  of  the  zir- 
conium zone.  The  zone  of  zirconium  is  stretched  out 
along  the  chromatogram,  beginning  with  the  spot 
where  the  drop  was  applied. 

The  separation  proceeds  worse  than  with  amyl 
alcohol  and  nitric  acid,  and  a  certain  amount  of  haf- 
nium remains  in  the  zone  of  zirconium.  The  con- 
tents of  hafnium  in  one  zone  calculated  from  its 
activity  constituted  72%  to  93%.  The  incomplete 
extraction  of  hafnium  is  apparently  connected  with 
insufficient  washing  of  the  paper  for  removal  of 
admixtures.  The  quality  of  the  paper  is  also  of  great 
importance  for  the  successful  separation.  Sheets  of 
ashless  paper  employed  for  preparing  filters  for 
quantitative  analysis  are  the  best  material. 

It  should  be  noted  that  later  on  after  the  com- 
pletion of  this  work,  the  papers  described  the  separa- 
tion of  Zr  and  Hf  on  filter  paper  using  dichlorethyl- 
enetriglycole.11  However,  the  quantitative  method  of 
analysis  was  not  developed. 

To  use  our  method  for  separating  these  elements 


in  analysis  it  was  ncccssarx  to  find  some  way  of 
determining  these  elements  in  the  areas  after  chro- 
matography.  Owing  to  the  small  quantity  of  separat- 
ing elements  100-200  /i,g  it  appeared  that  colori- 
metry  was  the  most  suitable  method. 

To  develop  methods  for  determining  the  elements 
in  the  zones,  we  applied  "arsenazo''  and  phenyl- 
fluorone  reagents.  The  latter  is  more  sensitive  and 
is  therefore  suitable  for  determining  the  elements 
when  their  contents  in  the  areas  is  not  large.  Colori- 
metry  with  phenylfluoronc  was  conducted  in  0.5  AT 
solutions  of  hydrochloric  acid  in  the  presence  of 
gelatine  as  a  protective  colloid,  with  the  addition  of 
0.8  ml  of  0.5%  of  alcohol  solution  of  the  reagent  to 
10  nil  of  the  total  volume  of  the  solution  after  stand- 
ing it  for  1.5  hr.  The  proportionality  of  the  colour 
to  the  contents  of  elements  is  observed  when  zir- 
conium contents  is  up  to  10  and  hafnium  up  to  15 
p,g,  respectively. 

It  was  found  convenient  to  transfer  zirconium  or 
hafnium  into  the  solution  by  burning  the  paper 
moistened  with  a  calcium  nitrate  solution  (200  nig/ml 
CaO)  at  700-800°  and  dissolving  the  ash  in  acid 
(0.5  ml  SAT).  The  calcium  oxide  produced  by  cal- 
cination promotes  the  dissolution  of  ZrO2  or  HfO2 
in  acid,  apparently,  due  to  the  formation  of  calcium 
zirconate. 

The  experiments  connected  with  the  determination 
of  zirconium  (hafnium),  spread  over  paper,  showed 
that  in  this  way  these  elements  may  be  determined 
with  a  satisfactory  degree  of  precision. 

The  described  analytic  procedure  was  applied  to 
the  analysis  of  a  mixture  of  zirconium  and  hafnium 
oxides.  The  oxide  was  converted  to  nitrate  (or  oxy- 
chloride  as  in  the  case  of  separation  by  thiocyanic  acid 
in  ether).  A  drop  of  the  obtained  solution  was  put 
on  paper  and  "arsenazo"  was  used  to  locate  the 
zones.  The  strips  of  paper  containing  the  zones  of 
the  elements  were  analysed  by  the  above  described 
method.  The  results  are  given  in  Table  VI.  After 
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chromatography  with  amyl  alcohol  was  completed, 
the  remaining  6-S%  of  hafnium  was  determined 
additionally  at  the  place  where  the  drop  had  been 
placed  (see  Exp.  No.  3  and  4,  Table  V). 

The  table  shows  that  the  results  of  chromatography 
coincide  within  1-3  per  cent  with  the  data  of  spec- 
tral analysis.  Taking  into  consideration  some  possible 
error  at  spectral  determination,  the  coincidence  of 
results  may  be  considered  as  satisfactory. 

The  obtained  coincidence  of  results,  in  spite  of 
incomplete  extraction  of  hafnium  by  paper  chroma- 
tography, is  evidently  explained  by  mutual  compen- 
sation of  errors  due  to  the  presence  of  a  quantity 
of  hafnium  in  the  area  of  zirconium  and  vice  versa. 

3.     CONCENTRATION   OF    HAFNIUM   CONTAINED 

IN   PREPARATIONS  OF   ZIRCONIUM   FOR  THE 

PURPOSE  OF   ITS  SPECTRAL   ESTIMATION 

The  determination  of  little  quantities  of  hafnium 
in  preparations  of  zirconium  during  tests  of  the 
latter's  purity,  is  usually  performed  by  the  spectral 
method  described  in  literature.  At  small  concentra- 
tions of  hafnium  present  in  the  zirconium  prepara- 
tions preliminarily  purified  for  this  purpose,  in  order 
to  increase  the  precision  and  sensitivity  of  analysis, 
it  is  desirable  to  have  a  method  which  could  insure 
preliminary  concentration  of  Hf. 

Therefore  it  was  necessary  to  develop  a  suitable 
method  of  concentration.  The  use  of  the  paper  distri- 
bution chromatography  was  in  this  case  excluded, 
for  the  quantities  dealt  with  at  separation  are  very 
small  (0.1  mg)  so  that  it  was  impossible  to  get  the 
concentrated  product  in  amounts  sufficient  for  analy- 


sis. In  this  case,  the  best  method  for  hafnium  con- 
centration is  that  of  extraction. 

The  advantage  of  these  methods  is  the  possibility 
to  obtain  quickly  the  concentrate  by  simple  extrac- 
tion of  substance  with  organic  solvents. 

The  papers  describe  methods  for  separating  zir- 
conium and  hafnium,  based  on  the  extraction  of 
thiocyanates  by  ether10  or  of  compounds  with  0-dike- 
tones,  trifluoroacetylacetone12  and  thenoyltrifluoro- 
acetone1  by  benzol.  We  chose  the  method  of  extrac- 
tion of  thiocyanates  by  ether  as  it  is  more  accessible 
and  does  not  require  complicated  reagents. 

Hafnium  thiocyanate  extraction  from  solutions  of 
zirconium  sulphate  did  not  bring  complete  separa- 
tion of  hafnium.  A  considerable  \part  of  it  remained 
with  zirconium.  Therefore  we  adopted  the  method 
of  isolation  of  hafnium  concentrates  by  the  ether- 
thiocyanate  extraction  from  solutions  of  zirconium 
oxychloride.  Due  to  the  low  concentration  of  hafnium 
at  single  extraction,  we  resorted  to  the  method  of 
countercurrent  extraction. 

The  elements  were  separated  by  semiautomatic 
simplified  apparatus  with  9-10  funnels  fixed  to  a 
vertical  bar.  With  the  help  of  a  motor  the  bar  was 
brought  into  rotatory  oscillating  movement,  so  that 
the  funnels  oscillate  in  an  horizontal  plane. 

The  procedure  consisted  of  the  following : 

An  immobile  phase  was  placed  into  each  funnel. 
This  phase  was  an  ether  solution  of  thiocyanic  acid 
(2.8-3  M)  in  a  quantity  of  10  ml.  This  solution  was 
prepared  by  shaking  up  ether  with  a  solution  of  am- 
monium thiocyanate,  acidified  with  sulphuric  acid. 
The  ether  solution  was  previously  brought  into  equi- 


Table  VI.    Determination  of  Hafnium  Oxide  Content  in  a  Mixture 
of  ZrOo  +  HfO2  by  the  Developed  Method 


Found  in  areas 

Found  by  the 
spectral  method     Difference 
IffOt  <7c             lffOt  % 

Note 

ATo.  of 
sample 

Alierograms 

HfOe  % 

1 
2 
3 

50 
100 
97.5 

3 
6 

5 

5.7 
5.7 
4.9 

5.0 

5.0 
5.0 

+0.7 
+0.7 
-0.1 

Ch  roma  tography 
with  amylic  acid, 
colorimetry  with 

"arse 

inazo 

4 

55.0 

6 

9.8 

10.0 

-0.2 

5 

194 

75 

27.8 

29.2 

+  1.4 

6 

35 

26 

40.9 

40.0 

+0.9 

7 

25 

40 

61.9 

60.0 

-1.9 

8 

35 

80 

69.5 

68.0 

+  1.5 

9 

54 

4 

6.9 

5.0 

+  1.9  " 

10 

30 

13 

30.1 

30.0 

+0.1 

11 
12 

10 
6 

19 
11 

65.5 
65.0 

68.0 
68.0 

-2.5 
-3.0 

Colorimetry  with 
phenylfluorone 

13 

2 

48 

96.0 

92.0 

+4.0 

14 

98 

13 

11.8 

10 

+  1.8  ' 

ICh  romatography 
with  ether  with 

15 

60 

21 

26.0 

29.2 

-3.2 

hydrothyocyanic 

16 

37 

13 

26.0 

29.2 

-3.2 

acid, 

colorimetry 

J 

with 

"arsenazo" 

17 

48 

71 

59.9 

60.0 

-0.1 

18 

25 

50 

66.6 

68.0 

-1.4 

With 

phenyl- 

fluorone 
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Table  VII.    Tests  of  Method  of  Concentrating  Hafnium  by  Means 
of  Countercurrent  Extraction 


Content  of  oxides  in  fractions  (mg) 


Water  fractions   Water  fractions    Ether  fractions    Ether  fractions      Ether  fractions      Total  hafnium 
1-4  59  10  IS  14-15  16-18 


No. 

Weight  of 
sample,  mg 

•*«- 

Maximum 
degree  of 
oncentration 

Wt        HfOt 

Wt        llfO, 

Wt        HfO, 

Wt 

H\0, 

Wt 

wo, 

mg 

*/t>              C 

1 

298 

43 

117        — 

96           — 

28 

0.55 

14 

2.0 

0.43 

0.14 

14 

2 

288 

43 

118 

56 

15.2 

0.27 

5.5 

2.7 

0.19 

0.08 

34 

3 

274 

53.4 

153 

53.6 

10.8 

0.2 

3.0 

2.2 

0.09 

0.03 

73 

4 

315 

14          — 

195        - 

76 

20.0 

0.45 

10 

1.95 

0.29 

0.09 

21 

5 

217 

31           — 

90        - 

72          - 

16.0 

0.45 

8 

2.2 

0.25 

0.11 

22 

6 

189 

33.8 

80.4     — 

50.9       — 

16.4 

traces 

7.4 

1.35 

0.1 

0.05 

27 

7 

284 

67 

158 

42 

12.0 

0.39 

5 

0.98 

0.1 

0.035 

28 

8 

267 

32          — 

110 

93 

22 

t  races 

10 

0.86 

0.09 

0.034 

25 

librium  with  the  mobile  water  phase,  which  consisted 
of  various  ammonium  salts  acidified  with  acids.  Zir- 
conium oxychloride,  containing  various  amounts  of 
hafnium,  was  dissolved  in  a  definite  quantity  of 
water  solution  of  cyanic  acid  (5  ml)  and  the  ob- 
tained solution  was  successfully  shaken  up  and 
brought  into  equilibrium  with  each  of  the  ether  solu- 
tions contained  in  the  funnels.  After  that,  9-10  por- 
tions of  water  salts  solutions,  which  were  collected, 
separately,  were  brought  into  the  state  of  equilibrium 
with  each  of  the  other  solutions.  The  time  of  shaking 
for  obtaining  equilibrium  was  2  minutes.  As  a  result 
of  separation,  18-20  portions  of  the  solution  were 
obtained  the  number  of  water  and  ether  solutions 
being  9-10  respectively.  The  summary  content  of 
zirconium  and  hafnium  oxides  in  each  fraction  was 
determined  by  weighing;  the  distribution  of  haf- 
nium between  phases  is  determined  by  measuring 
the  distribution  of  the  radioactive  isotope  of  haf- 
nium-181  and  besides  through  spectrographical  anal- 
ysis of  the  extracted  sum  of  oxides. 

The  results  of  the  studying  of  zirconium  and  haf- 
nium separation  by  means  of  countercurrent  extrac- 
tion may  be  presented  as  follows  : 

1.  Tf  a  mobile  water  phase  is  a  solution  of  cyanic 
acid  without  any  addition  of  salts,  hafnium  is  dis- 
tributed into  fractions.  In  this  case,  the  distribution 
coefficient  of  hafnium  is  2.5-4.0;  that  of  zirconium 
0.3-0.5. 

Due  to  this,  hafnium  is  concentrated  in  the  ether 
fractions  while  zirconium  in  those  of  water.  Com- 
plete separation  of  the  elements  by  apparatus  with 
10  funnels  is  not  achieved.  A  certain  amount  of  haf- 
nium remains  in  an  unextractable  form.  In  the  case 
of  oxychloride,  this  amount  comprises  4.2-4.5%  from 
the  total  amount;  in  the  case  of  perchlorate,  1.4%. 
The  other  95.5-98.6%  of  hafnium  are  extracted  ap- 
parently in  the  form  of  specific  compound  having  its 
own  definite  distribution  coefficient. 

2.  The  addition   of   ammonium   chloride  to  the 
water  phase  promotes  the  reduction  of  the  unex- 
tractable amount  of  hafnium,  improving  separation. 
The  distribution  of  hafnium  and  zirconium  in  phases, 


in  this  case,  remains  practically  the  same. 

3.  Separtion  is  improved  when  in  addition  to  am- 
monium chloride,  sulphuric  acid  is  introduced  into 
the  water  phase  in  a  concentration  of  0.3-0.45 M. 
Zirconium,  in  this  case,  is  selectively  retained  in  the 
water  phase,  while  the  passage  of  hafnium  into  the 
ether  phase  remains  the  former.  The  coefficient  of 
zirconium  distribution  in  the  phases  is  approximately 
0.25,  that  of  hafnium,  2.5.  That  is  why  the  ether 
fractions  contain  about  90%  of  the  total  hafnium. 
Tt  must  be  noted  that  with  the  further  increase  of 
sulphuric  acid  concentration  in  the  water  phase  to 
0.6  M,  the  quantity  of  unextniv  table  hafnium  re- 
tained in  the  first  water  fractions  increases  as  well. 
One  can  isolate  97.5%  of  the  total  hafnium  by 
twenty-six  fold  concentration,  provided  the  two  re- 
maining water  fractions  arc  added  to  the  ether  frac- 
tions. 

On  the  basis  of  the  conducted  experiments,  the 
following  method  was  chosen  for  the  concentration 
of  hafnium  from  zirconium  preparations  before 
spectral  analysis.  The  zirconium  preparation  to  be 
analysed  (zirconium  oxychloride)  is  dissolved  in  10% 
ammonium  chloride  solution  brought  into  equilibri- 
um with  an  ether  solution  of  thiocyanic  acid,  and  is 
subjected  to  separation  by  the  method  of  counter- 
current  extraction. 

From  the  combined  fractions  of  the  ether  solutions 
zirconium  oxide  is  extracted  and  subjected  to  spec- 
tral analysis. 

To  test  the  possibility  of  concentrating  hafnium 
by  this  method,  a  number  of  zirconium  oxide  sam- 
ples containing  various  portions  of  hafnium  was, 
after  conversion  into  oxychloride,  subjected  to  separa- 
tion by  the  described  method  ;  the  obtained  water  and 
ether  solutions  were  mixed  in  groups  of  3  or  4  and 
poured  together ;  oxide  was  extracted  from  the  com- 
bined solutions  by  means  of  evaporation  and  pre- 
cipitation with  ammonia.  The  oxide  was  analysed  by 
spectrographic  method.  The  separation  was  effected 
in  9-10  funnels,  with  no  addition  of  sulphuric  acid 
to  the  water  solutions. 

The  results  of  the  work  are  presented  in  Table  VIT. 
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As  it  is  seen  from  the  table,  hafnium  could  be 
detected  spectrographically  only  in  the  last  fractions, 
14-18.  The  maximum  degree  of  enrichment  averages 
30.  Thus,  when  combining  fractions  by  2  or  3  when 
the  enrichment  is  effected,  the  sensitivity  of  spectral 
analysis  for  Hf  increases  30  fold  (see  Table  Vll). 
It  must  be  noted  that  the  hafnium  content  deter- 
mined in  this  way  is  somewhat  lower  than  the  actual, 
due  to  its  incomplete  passage  into  the  ether  fractions, 
and  must  be  increased  by  W%. 

CONCLUSION 

The  use  of  the  radioactive  isotope  of  hafnium- 181 
proved  effective  in  developing  analytic  methods  of 
determining  the  content  of  zirconium  and  hafnium. 
It  made  it  possible  to  observe  the  distribution  of  ele- 
ments during  analysis,  and  find  possible  losses  and 
value  of  errors.  As  a  result  of  these  investigations  the 
following  methods  were  developed : 

1.  A  method  of  colorimetric  determination  of  zir- 
conium in  ores  with  preliminary  concentration  of  the 
zirconium  by  precipitation  with  phenylarsonic  acid 
makes  it  possible  to  determine  zirconium  in  ores  with 
zirconium  content  0.005-0.2^>,  with  an  error  5-10% 
(relative). 

2.  A  method  of  colorimetrical  analysis  of  zirconi- 
um-hafnium mixtures  with  the  use  of  paper  chroma- 
tographic  separation.  This  method  allows  to  deter- 


mine hafnium  in  mixtures  with  zirconium;  hafnium 
content  being  5-95%,  with  possible  errors  from  1 
to  3%. 

3.  A  method  of  concentrating  hafnium  from  zir- 
conium preparations  by  means  of  countercurrent  ex- 
traction for  purposes  of  spectral  analysis,  by  means 
of  which  the  concentration  of  hafnium  in  samples 
is  raised  30-fold. 
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Mr.  S.  M.  SHELTON  (USA)  presented  paper 
P/533  as  follows  : 

Zirconium  is  a  new  metal.  Although  discovered  by 
Klaproth  in  1789,  it  was  made  in  ductile  form  first 
in  1925  by  van  Arkel,  de  Boer  and  Fast,  in  the 
Netherlands.  The  de  Boer  process,  commercialized  by 
Phillips  in  the  Netherlands  and  by  the  Foote  Mineral 
Company  in  the  United  States,  is  an  ingenious 
scheme  of  thermal  decomposition  of  zirconium  tetra- 
iodide  on  a  hot  filament,  forming  high-purity  ductile 
metal  as  a  rod,  usually  of  large  crystals.  Von  Zep- 
pelin in  Germany  made  ductile  zirconium  in  1940, 
by  reducing,  with  magnesium,  zirconium  tetra- 
chlorirle  dissolved  in  fused  sodium  chloride. 

In  1945  Kroll,  who  had  moved  from  Luxembourg 
to  the  United  States,  initiated  at  the  Bureau  of  Mines 
a  development  program  for  zirconium  analogous  to 
his  titanium  process,  using  magnesium  to  reduce  zir- 
conium tctrachloride  in  an  inert  atmosphere  furnace, 
under  controlled  temperature,  pressure  and  rate  of 
reaction. 

Recently  Horizons,  Inc.,  in  the  United  States  has 
reported  the  experimental  production  of  ductile  zir- 
conium by  electrolysis  of  fused  mixed  fluorides  in 
the  temperature  range  800°C  to  850°C. 

Zirconium  has  many  interesting  physical  and  me- 
chanical properties.  It  competes  with  tantalum  in 
resistance  to  corrosion  in  acids  and  corrosive  salts. 
But  because  of  transparency  to  thermal  neutrons  and 
resistance  to  corrosion  in  hot  water  and  liquid  sodi- 
um, it  has  found  its  greatest  use  as  a  construction 
material  in  nuclear  reactors.  In  fact,  this  field  of  use 
has  dominated  the  output  of  high-purity  zirconium 
in  the  United  States  almost  completely,  leaving  lit- 
tle or  no  metal  for  other  purposes. 

Miller  of  England  has  stated :  "The  properties  of 
zirconium  make  it  particularly  useful  in  thermal 
reactors,  especially  if  they  are  to  be  used  for  power 
production,  where  neutron  economy  and  regenera- 
tion of  fuel  are  important.  In  addition  to  a  low 
neutron  absorption  cross  section,  other  stringent  de- 


mands are  placed  on  structural  materials  and  com- 
ponents in  power  reactor  systems.  They  include  (1) 
mechanical  strength  and  stability  under  the  severe 
stresses  resulting  from  high  thermal  gradients,  (2) 
leak-tight  reliability  in  high  temperature,  high  pres- 
sure, corrosive,  dynamic,  and  radioactive  cooling 
systems,  (3)  resistance  to  mechanical  damage  by 
radiation,  (4)  limited  formation  of  high-activity  pro- 
ducts by  nuclear  reactions,  and  (5)  adaptability  to 
simple  remote  maintenance  and  repair." 

Zirconium  apparently  meets  these  requirements. 

At  the  instigation  of  the  Atomic  Energy  Commis- 
sion, the  Albany  Laboratory  of  the  Bureau  of  Mines 
expanded  Kroll's  development  pilot  plant  to  a  pro- 
duction scale.  Additional  operating  steps  were  added 
to  complete  the  flow  sheet  shown  in  Slide  1  (Fig.  20 
of  P/533). 

The  reduction  of  hafnium  tetrachloridc  to  metallic 
sponge  follows  the  same  procedure,  on  a  smaller 
scale,  as  the  reduction  of  zirconium  tetrachloride  to 
metallic  sponge.  However,  the  hafnium  metal  sponge 
is  not  sufficiently  pure  to  be  ductile.  It  must  be  re- 
fined by  the  de  Boer  or  iodine  process  before  melt- 
ing to  ingots. 

Returning  to  the  flow-sheet,  the  purification  step 
was  designed  primarily  to  separate  hafnium  from 
zirconium  by  liquid-liquid  solvent  extraction. 

Commercial-grade  zirconium  tetrachloride,  con- 
taining 2  to  3  per  cent  hafnium  with  respect  to  zir- 
conium, was  solubilized  in  hydrochloric  acid  solution 
and  ammonium  thiocyanate  was  added.  The  solution 
was  filtered  and  fed  through  a  storage  tank  to  the 
plant  as  shown  in  slide  2  (Fig.  21  of  P/533).  The 
extraction  system  was  made  up  of  four  glass  col- 
umns. The  feed  solution  entered  at  the  top  of  the 
first  column  and  passed  countercurrent  to  methyl 
isobutylketone  solvent  containing  thiocyanate  which 
entered  the  bottom  of  the  system.  The  aqueous  solu- 
tion or  raffinate  leiving  the  system  was  low  in  haf- 
nium. It  was  passed  to  the  fifth  column  countercur- 
rent to  fresh  solvent  containing  no  thiocyanate.  The 
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raffinate  stripped  of  thiocyanate  was  filtered  and 
pumped  to  storage  tanks.  The  solvent  was  mixed 
with  cleaned  solvent  and  pumped  to  the  bottom  of 
the  extraction  system.  The  solvent  from  the  extrac- 
tion system  contained  hafnium  and  a  relatively  large 
percentage  of  zirconium.  On  leaving  the  extraction 
system  it  entered  the  bottom  of  the  first  of  three 
stripper  columns  and  passed  countercurrent  to  hydro- 
chloric acid  solution  which  stripped  zirconium,  slight- 
ly contaminated  with  hafnium,  from  the  solvent  and 
returned  it  to  the  feed  pump. 

Scrubbing  or  solvent  cleaning  was  accomplished 
by  passing  the  solvent,  stripped  of  zirconium,  coun- 
tercurrent to  sulfuric  acid  solution.  Essentially  all 
metallic  ions,  including  cadmium,  boron  and  titani- 
um, were  removed  with  the  hafnium  from  the  sol- 
vent. The  aqueous  but  impure  hafnium  sulfate  was 
filtered  and  pumped  to  a  storage  tank.  The  zirconi- 
um-bearing raffinate,  after  being  tested,  was  treated 
with  either  di-ammonium  phthalate  or  sulfuric  acid 
to  precipitate  the  zirconium.  Phthalate  was  used  first 
and  the  change  was  made  to  sulfuric  acid  during  the 
last  months  of  operations  because  of  lower  cost  and 
higher  efficiency. 

The  filter  cake  was  washed  with  dilute  ammonium 
hydroxide  solution,  dried  and  calcined  to  zirconium 
oxide. 

Slide  3  (Fig.  22  of  P/533)  is  a  photograph  of  the 
base  of  the  glass  extraction  columns.  It  should  be 
noted  that  they  were  open  columns  and  not  pulse 
columns. 

The  major  difficulty  in  handling  both  hydrochloric 
acid  solution  and  a  solvent  in  the  same  system  was 
corrosion.  Rubber  was  attacked  by  the  solvent.  Glass 
and  zirconium  metal  withstood  corrosion  most  satis- 
factorily. 

To  prepare  a  feed  material  for  the  reduction  fur- 
naces it  was  necessary  to  convert  the  calcined  zir- 
conium oxide  to  zirconium  tetrachloride. 

The  zirconium  oxide  was  blended  with  high-purity 
carbon  powder  and  a  binder.  The  mixture  was  bri- 
quetted  in  a  Belgian  roll-type  briquetting  machine 
and  the  briquets,  about  walnut  size,  were  fed  to 
chlorination  furnaces  diagrammed  in  Slide  4  (Fig. 
28  of  P/533). 

The  bed  of  briquets  in  the  furnace  at  600° C  to 
800° C  furnished  electrical  resistance  to  voltage  from 
three  graphite  electrodes  in  the  furnace  wall.  Chlo- 
rine gas  was  fed  in  the  bottom  of  the  furnace.  The 
reaction  product  was  zirconium  tetrachloride  gas 
which  was  condensed  as  light  crystals  in  the  two  con- 
densers. Glass  scrubbing  towers  cleaned  the  effluent 
gas  which  was  discharged  to  the  atmosphere.  Zir- 
conium tetrachloride  was  tapped  at  intervals  from 
the  bottom  of  the  first  condenser  directly  into  drums 
of  sufficient  size  to  constitute  one  batch  for  the 
reduction  furnaces. 

Slide  5  (Fig.  32  of  P/S33)  is  an  interior  view  of 
the  reduction  plant.  The  battery  of  furnaces  of 
identical  size  on  the  lower  floor  was  for  reduction 


of  zirconium  tetrachloride  to  zirconium  metal  sponge. 
The  battery  of  furnaces,  also  of  identical  size,  on 
the  mezzanine  was  for  melting  and  distilling,  under 
vacuum,  the  magnesium  chloride  and  excess  mag- 
nesium from  the  batch  of  zirconium  sponge. 

Slide  6  (Fig.  33  of  P/533)  is* a  diagramatic  view 
of  the  reduction  furnaces.  Raw  zirconium  tetra- 
chloride was  contained  within  the  furnace  in  a  open- 
top  drum.  Beneath  the  drum  was  a  crucible  which 
initially  contained  magnesium  metal.  The  top  of  the 
furnace  was  sealed  in  place  with  lead-antimony 
eutectic  alloy.  A  cooling  coil  was  attached  to  the 
furnace  top  within  the  furnace  atmosphere. 

The  furnace  operation  was  to  heat  the  zirconium 
tetrachloride  at  temperatures  be^ow  its  sublimation 
temperature  for  several  hours  to  evolve  and  drive 
off  volatile  impurities  through  the  bleeding  valve. 
When  the  tetrachloride  had  been  degassed,  the  fur- 
nace was  back-filled  with  helium  and  the  lower  zone 
containing  magnesium  metal  was  heated  to  its  melt- 
ing point.  The  lead  antimony  seal  was  melted  and 
the  zirconium  tetrachloride  heated  to  it*  sublimation 
temperature. 

A  too-rapid  reaction  rate  would  result  in  overheat- 
ing and  alloying  the  iron  crucible  with  zirconium. 
Low  temperatures  slowed  clown  the  reaction  and 
Iron  and  zirconium  form  a  eutectic  at  about  930° C. 
reduced  capacity.  The  liquid-lead  seal  acted  as  a  safe- 
ty valve  to  maintain  furnace  pressure  at  less  than 
about  2  psi  above  atmospheric  pressure.  The  cooling 
coil  was  a  thermal  baffle  to  help  control  the  furnace 
atmospheric  temperature  and  rate  of  sublimation. 
The  zirconium  tetrachloride  gas  passed  over  the  top 
of  the  drum  container  and  down  through  the  baffles 
to  come  in  contact  with  liquid  magnesium  metal.  It 
was  important  that  the  arrangement  prevented  non- 
volatile impurities  in  zirconium  tetrachloride  from 
coming  in  contact  with  magnesium.  When  the  reac- 
tion was  completed,  the  crucible  was  essentially  full 
of  magnesium  chloride  containing  zirconium  sponge 
beneath  the  surface.  The  furnace  was  cooled  and  the 
crucible,  containing  solid  magnesium  chloride  in 
which  zirconium  sponge  was  submerged,  was  re- 
moved for  treatment  in  the  distillation  furnaces. 

Slide  7  (Fig.  37  of  P/533)  is  a  diagram  of  the 
hot-top  bell-type  distillation  furnaces.  The  crucible 
was  turned  upside  down  and  raised  from  the  bottom 
into  the  furnace.  The  salt  can  and  baffles  were  in- 
serted. Then  the  furnace  was  sealed,  heated  and 
evacuated.  There  were  two  vacuum  system,  one  be- 
tween the  bell-type  furnace  and  the  retort  which 
protected  the  hot  retort  against  collapse  against  at- 
mospheric pressure,  the  other  within  the  retort  itself. 
As  the  furnace  was  heated,  magnesium  chloride 
melted  in  the  hot  upper  zone  and  drained  down  to 
the  salt  cup  in  the  cool  lower  zone.  Continued  heat- 
ing under  vacuum  sublimed  the  residual  magnesium 
chloride  and  magnesium  metal  from  the  zirconium 
metal  sponge  in  the  crucible.  The  sublimation  prod- 
ucts condensed  in  the  lower  cold  zone.  When  the 
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operation  was  complete,  the  furnace  was  partially 
cooled  to  a  safe  temperature  and  the  bell  furnace 
was  lifted  from  the  retort.  This  permitted  the  retort 
to  be  cooled  by  water  spray  at  a  rapid  rate.  The 
retort  was  filled  with  helium  and  cooled  almost  to 
room  temperature.  Then  the  zirconium  sponge  was 
conditioned  by  admitting  dry  air  to  the  retort  before 
the  crucible  containing  the  sponge  was  removed  from 
the  retort. 

Slide  8  (Fig.  41  of  P/533)  sketches  a  cross  sec- 
tion of  a  typical  batch  of  zirconium  sponge  in  the 
crucible  after  distillation.  During  reduction  pre- 
sumably the  B  and  E  zones  deposited  first.  £,  a  thin 
surface  plate  on  the  crucible  wall,  was  returned  for 
chlorination.  B  apparently  acted  as  a  getter.  It  was 
relatively  high  in  metallic  impurities.  A  sponge  was 
less  compact  but  low  in  both  metallic  impurities  and 
in  volatile  impurities.  C  sponge,  the  last  portion  to 
form  during  reduction,  contained  the  lowest  per- 
centage of  metallic  impurities,  but  also  contained 
volatiles  which  were  troublesome  in  melting.  Each 
zone  was  separated  visually,  cleaned,  crushed  to  —  % 
in.  mesh  and  analysed.  On  the  basis  of  weights  and 
analyses,  a  batch  of  2000  pounds  of  uniform  analysis 
was  selected  by  calculation  and  carefully  mixed  in 
a  mechanical  blender.  A  typical  analysis  of  an  ac- 
ceptable blended  bath  of  2000  pounds  showed  less 
than  150  parts  per  million  of  nitrogen,  less  than  4000 
parts  per  million  of  iron,  less  than  200  parts  of 
silicon,  and  less  than  100  parts  per  million  of  alumi- 
num. Oxygen  was  in  the  range  of  800  to  1000  parts 
per  million. 

The  blended  batches  of  crushed  zirconium  were 
made  ready  for  treatment  for  melting.  The  sponge 
was  cold  compacted  under  high  pressure  into  bars 
of  square  cross  section  2  in.  X  2  in.  and  20  in.  long. 
The  most  successful  melting  procedure  was  to  dou- 
ble-melt the  zirconium  and  zirconium  alloys  in  cold- 
crucible,  consumable  arc  furnaces,  in  a  helium  atmos- 
phere and  under  vacuum. 

Slide  9  (Fig.  64  of  P/533)  outlines  the  furnace 
for  melting  the  cold  compacted  zirconium  sponge. 
Compacted  bars  were  stored  in  the  upper  chamber. 
The  system  was  evacuated  and  back-filled  with  heli- 
um to  atmospheric  pressure.  l>y  using  rubber  gloves 
attached  to  the  chamber  wall,  the  compacted  bars 
were  manually  butt-welded  and  lowered  through  the 
contact  section  to  the  crucible.  Provision  was  made 
for  adding  alloying  agents,  as  pellets,  fed  at  a  con- 
trolled rate  to  the  crucible.  The  arc  was  struck  by 
lowering  the  welded  bar  to  contact  zirconium  in  the 
bottom  of  the  crucible,  made  of  copper  and  jacketed 
in  water  which  flowed  at  a  high  velocity.  The  heat 
of  the  arc  melted  the  compacted  zirconium  into  a 
pool  of  liquid  metal,  which  spread  out  to  fill  the 
crucible.  As  the  compacted  metal  was  being  melted, 
additional  bars  were  butt-welded  to  the  top  of  the 
bar,  which  gradually  descended  to  the  crucible.  The 
completed  ingot  was  7  inches  in  diameter  and  about 
24-inches  long. 


Four  of  the  7-inch  ingots  were  attached  end  to 
end  with  stud  bolts  of  zirconium  and  by  welding  to 
make  a  complete  electrode  for  remelting. 

Slide  10  (Fig  66  of  P/533)  shows  the  remelting 
furnace.  This  furnace  was  operated  under  partial 
vacuum.  The  fabricated  electrode  attached  to  a  cop- 
per busbar  was  gradually  lowered  into  an  electric- 
arc  which  melted  the  electrode  into  an  ingot  10  inches 
in  diameter.  A  water-cooled  copper  crucible  was  used 
in  the  same  manner  as  in  the  first  melt. 

On  both  furnaces,  an  induction  coil  of  direct  cur- 
rent round  the  crucible  tended  to  control  the  arc 
vertically  and  to  prevent  it  jumping  to  the  crucible 
wall.  The  ingots  were  finally  conditioned  in  a  lathe 
by  removing  ylfi  inch  to  %  inch  of  rough  surface 
which  sometimes  contained  small  gas  pockets  and 
bubbles. 

It  is  of  interest  that  these  furnaces  became  the 
prototype  for  furnaces  melting  titanium  and  thorium 
successfully  with  essentially  no  contamination  dur- 
ing melting.  The  plant  was  closed  down  in  May  1955. 
The  Carborundum  Metal  Company  in  the  United 
States  is  now  meeting  requirements  for  zirconium. 

Mr.  J.  HUKE  (France)  presented  paper  P/347. 

Mr.  B.  PRAKASH  (India)  presented  paper  P/876. 

DISCUSSION  OF  P/533,  P/347  and  P/876 

Mr.  G.  A.  MEYERSON  (USSR):  The  papers  by 
Mr.  Shelton,  Mr.  Ilure,  and  Mr.  Prakash  have  de- 
scribed interesting  research  on  new  methods  of  sep- 
aration of  hafnium  from  zirconium. 

It  is,  however,  still  profitable  to  use  the  older 
method  of  fractional  crystallization  of  potassium 
fluozirconate,  provided  that  it  is  used  in  conjunction 
with  a  method  of  decomposing  the  zirconiferous  ore 
that  will  produce  potassium  fluozirconate  immediately 
in  the  first  stage  of  the  process. 

Research  on  the  development  of  a  combined  tech- 
nique of  this  kind  is  described  in  the  Soviet  paper 
P/634  by  Sajin  and  Pepelyaeva. 

The  zirconium  ore  concentrate  is  sintered  with 
potassium  silicoflnoride  at  650-700°  C,  yielding 
potassium  fluozirconate,  which  is  then  leached  with 
hot  dilute  acid. 

When  the  solution  has  cooled,  crystals  of  potas- 
sium fluozirconate  are  precipitated ;  these  are  then 
treated  by  fractional  crystallization.  To  increase  the 
crystal  yield,  the  salt  to  be  recrystallized  is  dissolved 
not  in  pure  water  but  in  the  mother-liquor  from  the 
previous  crystallization. 

Under  these  conditions,  16-18  crystallizations  are 
enough  to  reduce  the  hafnium  content  from  2.5  per 
cent  in  the  starting  product  to  less  than  0.01  per 
cent  in  the  end-product  (calculated  as  a  percentage 
of  the  zirconium). 

In  view  of  the  fact  that  the  immediate  product  of 
the  decomposition  of  the  concentrate  is  recrystallized, 
that  the  separation  of  the  fluozirconate  from  haf- 
nium by  this  method  does  not  require  reagents  of 
any  kind,  and,  further,  that  the  yield  of  zirconium 
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in  the  final  crystal  fraction  is  about  80  per  cent,  the 
technique  described  can  be  regarded  as  quite  sim- 
ple, efficient  and  economical. 

Mr.  A.  R.  KAUFMANN  (USA)  :  I  should  like  to 
ask  Mr.  Prakash  whether  he  feels  that  his  method 
can  be  used  to  get  the  hafnium  content  down  to 
something  like  0.01  per  cent. 

Mr.  PRAKASH  (India):  After  three  cle-chlorina- 
tion  treatments,  zirconia  was  obtained  which  con- 
tained 0.3  per  cent  hafnium.  A  freak  value  of  0.05 
per  cent  hafnium  was  once  obtained  after  a  single 
treatment,  but  this  value  was  not  reproducible  in 
later  tests.  Tt  may  be  that  segregation  in  the  charge 
of  gases  and  vapour  takes  place  in  the  reaction 
chamber  and  promotes  the  formation  of  hafnium 
oxide  in  regions  low  in  chlorine  gas.  Once  formed, 
it  will  be  difficult  to  re-chlorinate  the  hafnium  oxide 
under  the  conditions  prevailing  in  the  reaction  cham- 
ber. 1  f  this  analysis  is  correct,  improvements  in  tech- 
nique in  order  to  prevent  segregation  should  result 
in  giving  low  hafnium  in  zirconia  by  a  single  treat- 
ment. Such  tests  are  under  progress  and  will  be 
reported  in  literature  when  data  become  available. 

Mr.  SHELTON  (  USA)  :  1  have  a  comment  on  the 
papers  presented  by  Mr.  Ilure  and  Mr.  Prakash. 
Their  approaches  are  different  from  ours.  They  are 
very  interesting.  The  problem  in  itself  in  separating 
hafnium  from  zirconium  is  not  so  much  the  efficiency 
of  the  separation,  because  we  feel  that  we  can  do 
that,  but  the  cost.  Inherently  these  processes  of  sep- 
aration are  costly.  The  paper  presented  by  Mr. 
Prakash  is  particularly  interesting  in  that  it  seeks  to 
get  low  hafnium  in  zirconium,  and  in  all  probability 
it  could  be  done  at  a  much  lower  cost  than  by  the 
other  two  methods. 

Mr.  M.  BENEDICT  (USA):  1  should  like  to  ask 
Mr.  Prakash  whether  the  thermodynamic  data  which 
he  cited  have  been  continued  experimentally,  by,  for 
example,  measurements  for  the  ratio  of  chlorine  to 
oxygen  over  mixtures  of  the  chloride  and  oxide  of 
these  two  elements,  or  whether  the  values  are  simply 
calculated. 


Mr.  PRAKASH  (India)  :  These  are  calculated  val- 
ues from  the  free  energy  data. 

Mr.  BENEDICT  (USA)  :  They  would  be  interest- 
ing. 

Mr.  PRAKASH  (India)  :  Yes,  that  would  be  an 
interesting  approach.  It  may  turn  oyt  that  the  dif- 
ference in  equilibrium  PCi2  :  Po2  ratios  for  the  two 
reactions  is  not  as  wide  as  is  indicated  by  thermo- 
dynamic data. 

Mr.  A.  A.  SMALES  (UK)  :  Mr.  Shelton  mentioned 
a  nitrogen  figure  in  his  zirconium  sponge  of  less  than 
150  ppm.  Can  he  say  whether  this  figure  was  ob- 
tained by  a  chemical  method  or  by  a  vacuum  diffu- 
sion method,  and  has  he  any  view  on  the  relative 
merits  of  these  and  any  other  methods  as  applied  to 
the  determination  of  nitrogen  in  zirconium? 

Mr.  SHELTON  (USA):  The  nitrogen  determina- 
tions were  made  chemically  by  the  Kjeldahl  method. 
We  have  thorough  confidence  in  that  method  of 
analysis,  and  the  results  are  readily  reproducible.  We 
have  never  attempted  any  spectrographic  analysis  of 
nitrogen  in  zirconium. 

The  CHAIRMAN  :  I  should  like  to  put  two  ques- 
tions to  Mr.  Shelton.  You  have  stated  that  a  pilot 
plant  in  Albany  has  not  been  working  since  May 
1955.  Is  the  complete  process  now  used  by  the  Car- 
bide and  Carbon  Chemical  Corporation?  Does  the 
Carbide  and  Carbon  Corporation  also  use  the  zir- 
conium process  as  you  have  described  it? 

My  second  question  is  this :  Could  you  tell  us 
something  about  the  possibility  of  improving  the 
resistance  of  zirconium  by  the  study  of  new  alloys? 

Mr.  SHELTON  (USA)  :  Zirconium  is  now  being 
produced  by  the  Carborundum  Metals  Corporation, 
presumably  at  a  rate  to  meet  the  requirements  of  the 
United  States,  and  T  think  they  have  metal  for  sale 
commercially.  The  question  of  alloys  can  be  dealt 
with  by  saying  that  in  terms  of  corrosion  resistance 
undoubtedly  certain  of  the  alloys  are  superior  to  pure 
zirconium  for  different  types  of  corrosion  resistance, 
but  that  field  has  not  been  explored  sufficiently  to 
give  any  definite  data. 
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Technology  of  Manufacturing  Items  of  Pure  Beryllium  and 
Beryllium  Oxide  for  Use  in  Nuclear  Reactors* 

By  6.  A.  Meyerson,  USSR 


In  producing  atomic  energy  for  peaceful  purposes 
metallic  beryllium  and  its  oxide  are  used  as  neutron 
moderators. 

BERYLLIUM  OXIDE  AND  SOLID  BODIES  MADE  OF  IT 

Technical  beryllium  oxide  is  obtained  from  beryl 
concentrates  by  well-known  chemical  methods. 

Methods  have  been  developed  for  the  production 
of  high-purity  beryllium  oxide  suitable  for  use  in 
nuclear  reactors.  The  purest  beryllium  oxide  is  ob- 
tained by  treating  technical  beryllium  hydroxide  with 
glacial  acetic  acid,  the  product  of  this  reaction  being 
the  volatile  basic  acetate  He( )  •  Be:^(  CH;JCOO)6 
which  is  separated  from  all  impurities  by  distillation. 

This  reaction  has  been  known  for  a  long  time  in 
analytical  chc'inistry ;  it  has  been  used  also  for  the 
production  of  beryllium  compounds  of  the  highest 
grade  of  purity  for  laboratory  studies  of  their  prop- 
erties. 

In  the  USSR  an  industrial  method  has  been  devel- 
oped for  the  production  of  highest  grade  beryllium 
oxide,  base  on  the  distillation  of  the  basic  acetate. 
Freshly  precipitated  technically  pure  beryllium  hy- 
droxide is  treated  with  acetic  acid.  The  basic  beryl- 
lium acetate  is  distilled  in  continuous-flow  type  ap- 
paratus at  360-400°  C.  After  two  distillations  the 
basic  acetate,  freed  from  impurities,  is  decomposed 
at  600-700° C,  to  form  the  oxide  as  a  highly  dispersed 
powder. 

The  quantities  of  impurities  contained  in  the  origi- 
nal material  and  in  the  purified  product  in  relation 
to  the  beryllium  content  in  these  products  are  given 
in  Table  I. 

This  oxide  corresponds  to  the  purity  requirements 
for  articles  to  be  used  in  nuclear  reactors. 

The  requirements  for  beryllium  oxide  bodies  dif- 
fer according  to  the  conditions  under  which  they  are 
to  be  employed.  For  this  reason,  a  number  of  meth- 
ods of  preparing  such  bodies  have  been  developed, 
from  those  very  simple  ones  to  those  requiring  com- 
plicated apparatus  and  precision  technology. 

The  simplest  method  of  producing  sound  bodies 
from  beryllium  oxide  is  by  packing  it  into  graphite 
dies  and  firing  them  at  1800° C.  If  the  article  is  hoi- 
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low  (crucibles,  tubes),  the  cavity  is  filled  with  dis- 
integrated graphite.  The  dies  are  packed  with  a  mix- 
ture of  different  batches  of  beryllium  oxide  calcined 
at  various  temperatures  (fine-grained  at  1200°C  and 
coarse-grained  at  1800°C).  After  firing  the  articles 
have  a  density  of  2.1-2.2  gm/cm8. 

Another  method  has  been  developed  for  the  pro- 
duction of  bodies  with  higher  densities,  consisting 
in  the  hot  pressing  of  the  beryllium  oxide  in  graphite 
dies  under  a  pressure  of  18-20  kg/cm-  and  at  a 
temperature  of  about  1800°C.  The  density  of  bodies 
made  in  this  way  is  up  to  2.75  gm/cm3. 

Still  denser  (2.9  gm/cm3)  and  degassed  bodies  are 
produced  by  hot  pressing  the  oxide  under  vacuum, 
bodies  produced  by  this  method  having  densities 
close  to  the  theoretical  one.  As  a  result  of  the  evap- 
oration of  impurities  at  high  temperature  and  under 
the  vacuum  used  in  this  method,  the  bodies  are 
purer  than  the  initial  beryllium  oxide ;  their  mechani- 
cal properties  are  several  times  higher  than  those  of 
bodies  prepared  by  ordinary  ceramic  technology. 
The  method  of  hot  pressing  under  vacuum  which 
has  been  developed  consists  in  packing  the  beryllium 
oxide  powder  into  dies  and  briquetting  them  under 
vacuum  (10~4  mm  Hg)  at  a  temperature  of  1850- 
1900°C  and  a  pressure  of  15-20  kg/cm2. 

The  production  of  high-purity  beryllium  oxide 
and  sound  bodies  from  it  is  controlled  by  neutron 
analysis  methods  developed  for  this  purpose.  The 
behaviour  of  a  number  of  impurities  has  been  studied 
using  radioactive  isotopes  (radioactive  yttrium, 
europium,  chromium,  cobalt,  etc.). 

PRODUCTION    OF    HIGH-PURITY    BERYLLIUM    AND 
SOUND  BODIES  MADE  OF  IT. 

High  purity  metallic  beryllium  is  produced  from 
the  technical  hydroxide,  the  composition  of  which 
has  been  given  above. 

One  of  the  methods  of  producing  the  pure  metal 
is  by  electrolysis  of  a  mixture  of  fused  beryllium 
and  sodium  chlorides,  taken  in  a  ratio  of  1:1  by 
weight  at  a  low  temperature  (320-350°C).  Condi- 
tions of  chlorination  and  electrolysis  have  been  de- 
veloped which  make  it  possible  to  remove  a  number 
of  impurities  and  hence  to  set  less  rigid  require- 
ments as  to  the  purity  of  the  initial  hydroxide.  A 
furnace  has  been  designed  for  chlorination  and  a 
condenser  for  recovering  the  beryllium  chloride,  per- 
mitting a  chloride  of  satisfactory  grade  to  be  ob- 
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Table  I.     Impurities  in  Original  Beryllium 
Hydroxide   and   in   Purified   Oxide 


Impurity  content,  per  cent  of  beryllium  content 

Impurity 

Initial  technical 
beryllium  hydroxide 

Purified  beryllium 
oxide 

Iron 
Aluminium 
Silicon 
Manganese 
Copper 
Nickel 
Boron 

0.030-0.100 
0.500-1.500 
0.100-0.500 
0.010-0.015 
0.010-0.015 
0.003-0.005 
10-4 

0.001-0.003 
0.003-0.007 
0.010-0.020 
less  than  0.0003 
less  than  0.0005 
less  than  0.002 
10-5 

tained  under  properly  selected  conditions  without 
secondary  distillation. 

The  technical  beryllium  hydroxide  is  calcined,  and 
the  oxide  thus  obtained  is  briquetted  and  chlorinated 
at  550-650°C  in  continuous-flow  furnaces  lined  with 
quartz  and  having  internal  heater. 

The  sublimed  beryllium  chloride  is  condensed  at 
250-280°C  in  air-heated  nickel  condensers  with 
discharge  hatches  through  which  the  product  is 
drawn  off  intermittently  into  removable  nickel  con- 
tainers which  are  fastened  hermetically  to  the  hatches. 

An  electrolyser  with  detachable  nickel  electrodes 
has  been  designed,  allowing  the  electrolysis  to  be 
carried  out  in  two  stages.  During  the  first  stage,  at 
low  voltages  (about  1.5  v)  metals  more  positive  than 
beryllium  are  deposited,  after  which  the  electrode  is 
replaced,  and  high-purity  beryllium  is  deposited  on 
the  new  electrode.  Unlike  the  methods  described  in 
literature,  the  electrolysis  in  this  case  is  semi-contin- 
uous the  process  being  interrupted  for  very  short 
periods  to  replace  the  cathode  and  correct  the  com- 
position of  the  bath. 

In  the  course  of  one  cycle  of  electrolysis  the 
beryllium  content  in  the  electrolyte  decreases  from 
6.3%  to  5.9%,  i.e.,  remains  almost  constant.  A  study 
of  the  dependence  of  the  viscosity  of  the  electrolyte 
on  the  temperature  showed  that  the  temperature  of 
the  bath  should  be  raised  to  370-380°C  before  re- 
placing the  cathode ;  this  ensures  the  necessary  fluid- 
ity of  the  electrolyte,  and  its  maximum  return  to  the 
bath  when  the  cathode  is  lifted  out. 

The  electrode  with  the  deposited  metal  is  washed 
with  water  to  remove  the  greater  part  of  the  electro- 
lyte, then  the  beryllium  powder  is  passed  over  a  2- 
mm  screen,  and  after  a  number  of  additional  wash- 
ings the  finest  part  of  the  powder,  which  is  higher 
in  the  impurities  content,  is  refined. 

A  method  of  separating  the  cathode  metal  from 
the  chlorides  has  been  developed  consisting  in  direct 
sublimation  of  the  latter  in  a  vacuum  furnace  at 
650-700°C.  The  sublimed  chlorides  and  the  melted 
electrolyte  are  collected  in  a  cooled  nickel  container, 
from  which  they  are  returned  to  the  electrolyser. 
This  simplifies  treatment  of  wastes  and  considerably 
increases  the  direct  yield  of  beryllium. 

Beryllium  produced  by  the  electrolysis  of  fused 
salts  contains  crystals  of  various  shapes  and  sizes. 

For  those  cases  where  the  permissible  impurity 
content  in  the  metallic  beryllium  is  higher,  a  method 


of  thermal  reduction  of  its  fluoride  with  magnesium 
has  been  developed.  The  technically  pure  beryllium 
oxide  is  dissolved  in  hydrofluoric  acid,  to  which 
ammonium  fluoride  is  added  to  form  ammonium 
fluoroberyllate ;  the  solution  is  purified  to  remove 
admixtures  of  iron,  manganese  and  some  other 
metals  by  the  sorption  method  followed  by  an  addi- 
tional treatment  with  organic  compounds  containing 
sulphur.  The  ammonium  fluoroberyllate  is  subjected 
to  thermal  decomposition  in  graphite  crucibles  at 
900-1000°C;  the  ammonium  fluoride,  which  evap- 
orates off,  is  collected  in  scrubbers  and  returned  to 
the  process.  The  fused  beryllium  fluoride  obtained 
is  reduced  with  distilled  magnesium  in  induction 
furnaces,  in  graphite  crucibles.  Towards  the  end  of 
the  operation  the  temperature  in  the  furnace  is 
raised  to  1300°C.  A  new  reduction  charge  composi- 
tion has  been  developed,  in  which  the  excess  of 
beryllium  fluoride  has  been  replaced  by  barium  fluor- 
ide, increasing  the  beryllium  yield. 

The  fused  beryllium  bead  rises  to  the  surface  of 
the  slag,  is  extracted  from  the  crucible  and  freed 
from  the  salts  sticking  to  it  by  washing  with  water. 

The  process  of  purification  of  the  beryllium  from 
slag  has  been  improved :  after  washing  with  water 
the  beads  are  kept  under  vacuum  at  a  temperature 
close  to  the  melting  point  of  the  metal  (about 
1100°C).  Beryllium  produced  by  electrolysis  of  the 
chloride  or  by  reduction  of  the  fluoride  is  remelted 
to  remove  volatile  admixtures. 

This  is  done  in  an  argon  atmosphere  at  a  pressure 
of  20  mm  Hg  and  a  temperature  of  1 500-1 550°C. 

The  purest  beryllium  is  obtained  by  a  distillation 
of  the  technical  metal  under  vacuum.  At  a  temper- 
ature of  1300-1 400°C  and  a  residual  pressure  of 
1  X  10—'  mm  Hg  beryllium  evaporates  very  rapidly 
(about  0.3  gm  per  hour  per  cm2  of  metallic  surface). 
The  metal  is  condensed  in  a  molybdenum  reflux 
condenser  set  up  inside  a  tube  of  beryllium  oxide 
which  is  electrically  heated  by  means  of  a  molyb- 
denum winding. 

The  impurities  are  condensed  in  various  tempera- 
ture zones.  The  purest  beryllium  is  condensed  in  the 
zone  having  a  temperature  range  of  1 120-1 150°C; 
most  of  the  aluminium  and  manganese  condenses  in 
the  upper  parts  of  the  reflux  condenser  in  the  tem- 
perature range  of  900-1000° C. 

Distillation  under  vacuum  yields  very  pure  beryl- 
lium. The  analysis  of  the  original  and  distilled  beryl- 
lium are  given  in  Table  II. 

The  remelted  beryllium  ingots  produced  as  de- 
scribed above  arc  non-homogeneous  and  coarse- 
grained in  structure.  Castings  can  be  hot  extruded, 
but  the  material  is  brittle  and  the  mechanical  strength 
of  the  articles  is  not  high  enough.  For  this  reason 
powder  metallurgy  methods  are  the  best  for  the  pro- 
duction of  solid  bodies  from  beryllium ;  these  methods 
give  articles  with  a  fine-grained  homogeneous  struc- 
ture and  high  mechanical  properties. 

Several  ways  of  the  powder  metallurgy  have  been 
developed  for  the  production  of  solid  bodies  from 
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Table  II.     Impurities   in   the  Original   and 
Distilled    Beryllium 


Impurity  content,  per  cent  of  beryllium  content 

Impurity 

Original  metal 

Distilled  metal 

Iron 
Aluminium 
Copper 
Nickel 
Chromium 
Manganese 

0.300 
0.090 
0.024 
0.005 
0.020 
0.015 

0.005 
0.003 
0.004 
0.003 
0.005 
0.002 

metallic  beryllium,  each  of  which  is  used  for  articles 
to  be  employed  under  different  conditions.  One  of 
the  chief  requirements  for  beryllium  articles  intended 
for  use  in  nuclear  reactors  is  high  heat  resistance, 
which  depends  largely  on  the  density  of  the  metal. 
A  method  of  hot  pressing  of  the  powder  under 
vacuum  has  been  employed  to  obtain  compacts  of 
maximum  density,  approaching  the  theoretical  value, 
and  at  the  same  time  to  degas  the  metal.  The  hot 
pressing  is  carried  out  in  lined  graphite-dies  induc- 
tion heated  to  1100°C.  At  this  temperature  the  plas- 
ticity of  the  metal  is  increased  to  such  an  extent  that 
a  pressure  of  SO  kg/cm2  is  quite  sufficient  to  produce 
a  practically  non-porous  body.  The  residual  thermal 
stresses  due  to  hot  pressing  are  removed  by  anneal- 
ing the  bodies  under  vacuum  at  1100°C,  followed  by 
slow  cooling.  This  treatment  also  raises  the  heat 
resistance  of  the  beryllium.  Articles  produced  by 
the  method  described  above  are  intended  for  long- 
term  service  under  high  temperature  conditions. 

A  method  of  hot  pressing  of  beryllium  powder  or 
chips  in  a  heat-resistant  alloy  open  die  at  600°  C  and 
a  pressure  of  5  tons/cm2  has  been  developed 
for  the  production  of  high-density  articles  to  be  used 
at  the  temperatures  lower  than  those  mentioned 
above.  The  equipment  required  is  not  complicated, 
but  this  method  also  secures  bodies  with  densities 
close  to  theoretical  (1.84-1.85  gm/cm3). 

Degassed  metal  bodies  of  the  same  density  can  be 
obtained  by  a  method  of  preliminary  vacuum  sin- 
tering of  compacts  cold  pressed  from  the  powder. 


The  subsequent  hot  coining  of  the  sintered  briquettes 
is  carried  out  in  open  press-dies  of  a  heat-resistant 
alloy.  The  conditions  of  hot  coining  are  similar  to 
those  of  hot  pressing  described  above.  The  last  two 
methods  should  also  be  followed  by  annealing  under 
vacuum  at  1100°C  and  slow  cooling;  during  this 
operation  the  hardness  of  the  metal  is  decreased 
by  10-15  Brinell  units. 

Articles  intended  for  service  under  the  lowest 
temperature  can  be  produced  by  the  simplest  powder 
metallurgy  method,  which  yields  bodies  of  low  resid- 
ual porosity  (density  1.76-1.82  gm/cm3).  According 
to  this  method,  the  beryllium  powder  is  briquetted  in 
steel  dies  at  a  pressure  of  up  to  15  tons/cm2.  The 
briquettes  are  then  sintered  under  vacuum  at  1150- 
1200°  C,  coined  cold  at  the  same  pressure,  and 
annealed  under  vacuum  at  1000-1 100°  C. 

A  method  has  been  developed  for  the  production 
of  beryllium  articles  in  the  shape  of  rods  and  tubes 
by  hot  extrusion  of  ingots  made  by  a  powder  metal- 
lurgy method.  It  has  been  established  experimentally 
that  the  optimum  extrusion  temperature  is  between 
500°C  and  600°C.  The  degree  of  deformation  is  85 
per  cent.  The  die  has  an  entrance  cone  at  an  angle 
of  60-90°,  which  passes  gradually  into  the  cylin- 
drical part.  The  extruded  bars  have  a  porosity  less 
than  0.5-1  per  cent.  The  Brinell  values  of  the  dens- 
est beryllium  articles  after  annealing  are  90-115 
kg/mm2.  The  tensile  strength  of  the  annealed  articles 
is  50-70  kg/mm2,  and  that  of  the  extruded  bars  is 
65-90  kg/mm2,  depending  on  the  degree  of  reduction. 

In  order  to  raise  the  heat  resistance  of  beryllium 
bodies  keeping  their  densities  high  at  the  same  time, 
methods  of  alloying  the  beryllium  with  special  addi- 
tions during  remelting  have  been  developed,  as  well 
as  methods  of  applying  protective  coatings  to  the 
articles.  These  methods  can  also  be  employed  to  in- 
crease the  heat  resistance  of  articles  with  a  certain 
degree  of  residual  porosity.  Beryllium  bodies  treated 
in  this  manner  can  endure  several  thousand  hours 
exposure  to  air  at  high  temperatures  without  ap- 
preciable changes. 


Status  of  Beryllium  Technology  in  the  USA 
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Beryllium  has  been  studied  by  many  people  for 
the  last  thirty  years  in  an  effort  to  develop  commer- 
cial uses  for  the  pure  metal.  Such  applications,  ex- 
cept for  X-ray  tube  windows,  at  first  did  not  mater- 
ialize, largely  because  the  metal  as  ordinarily 
produced  by  casting  was  too  brittle  for  engineering 
use.  A  renewed  interest  in  beryllium  arose  with  the 
development  of  nuclear  energy.  Pilot-plant-scale  ex- 
perimentation aimed  at  improving  the  quality  of  the 
metal  and  casting  in  vacuum  was  started  in  the  USA 
in  1941  by  the  Brush  Beryllium  Company.  In  1943 
government  financed  larger  scale  methods  for  vac- 
uum melting,1-2  casting,  and  extrusion  were  devel- 
oped by  personnel  at  the  Massachusetts  Institute  of 
Technology  and  the  University  of  Chicago  using 
mainly  Brush  crude  commercial  metal  in  lump  form. 
Beryllium  flake  supplied  by  the  Clifton  Products 
Company  and  pebble  metal  made  by  the  Beryllium 
Corporation  were  also  used.  By  1945  it  was  possible 
to  make  sound  castings  weighing  up  to  50  pounds 
and  to  extrude  rods  and  flats.3-4  At  the  same  time 
a  careful  study  of  the  physical  metallurgy  of  beryl- 
lium and  beryllium-rich  alloys  was  carried  out.3 
The  net  result  of  this  work  was  to  show  that  fabri- 
cated beryllium  could  have  a  small  amount  of 
ductility  at  room  temperature  but  that  there  was 
little  promise  of  producing  truly  ductile  metal  either 
by  further  purification  or  by  alloying. 

During  1946  to  1950  the  Brush  Beryllium  Com- 
pany developed  methods  for  making  a  high  quality 
beryllium  powder  and  for  consolidating  this  into 
large  blocks  of  high  density,  fine-grained  metal.  The 
Brush  material  has  a  small  amount  of  ductility  at 
room  temperature  and  in  addition  is  more  uniform 
in  properties  such  as  machinability  and  corrosion 
resistance  than  the  cast  and  extruded  metal.  For  these 
reasons  it  has  entirely  replaced  the  latter  in  all  ap- 
plications. Brush  is  now  substantially  the  sole  sup- 
plier of  pure  beryllium  metal  and  fabricated  parts 
for  nuclear  applications  in  the  United  States  of 
America. 

The  extrusion  of  Clifton  electrolytic  flake  beryl- 
lium and  of  Brush  powder  has  been  practiced  by  the 
M.I.T.  group  (now  Nuclear  Metals,  Inc.)  for  a 
number  of  years.  The  technique  has  been  advanced 
to  the  point  where  uniform  rods  and  flats  can  be  pro- 
duced having  surprisingly  large  ductility  in  the 
extrusion  direction  but  only  1%  to  2%  in  the  trans- 


*  Nuclear    Metals,    Inc.    and    Massachusetts    Institute   of 
Technology,  Cambridge,  Mass. 
t  The  Brush  Beryllium  Company,  Cleveland,  Ohio. 


verse  direction.  This  material  when  cross  rolled  de- 
velops even  greater  ductility  in  all  directions  in 
the  plane  of  the  sheet,  but  presumably  is  still  brittle 
perpendicular  to  the  plane. 

The  ductility  of  powder  metallurgy  and  of  fabri- 
cated beryllium  is  not  intimately  related  to  purity. 
For  this  reason  the  production  operations  at  Brush 
are  for  practical  reasons  adjusted  to  give  only  the 
degree  of  purity  deemed  desirable  for  nuclear  or 
corrosion  reasons.  Beryllium  oxide  is  of  interest,  also, 
as  a  reactor  material  even  though  it  has  not  found 
such  use  as  yet  in  the  United  States  of  America.  For 
these  reasons,  a  brief  account  of  the  preparation  and 
properties  of  beryllium  oxide  will  be  given  in  the 
following  discussion. 

A  comprehensive  book  on  beryllium  has  boon  prc- 
}>ared  by  various  people  in  the  United  States  of 
America  at  the  instigation  of  the  United  States 
Atomic  Energy  Commission  and  the  American  So- 
ciety for  Metals  and  is  about  to  be  published.  Refer- 
ences to  this  book  will  be  made  in  this  article  and 
interested  persons  should  consult  it  for  greater  de- 
tail than  can  be  given  here. 

SOURCE  OF  BERYLLIUM  AND  AVAILABILITY  OF 
BERYLLIUM  MINERALS 

Ben-Ilium  is  found  in  about  thirty  minerals,  but 
occurs  principally  in  beryl  ore,  a  crystalline  form  of 
beryllium  aluminum  silicate  of  the  theoretical  for- 
mula 3Be()  •  Al2O,i '  6Si( )•>•  Commercial  grades  of  this 
ore  contain  approximately  4%  beryllium.  The  yearly 
consumption  in  the  United  States  is  at  the  present 
time  2500  to  3000  tons  of  beryl. 

The  principal  producers  of  beryl  ore  are  Brazil, 
Union  of  South  Africa,  Southern  Rhodesia  and 
India.  Minor  producers  are  British  East  Africa, 
French  Morocco,  Mozambique,  Portugal,  Canada  and 
the  United  States  of  America.  The  availability  of 
beryl  ore  has  always  exceeded  the  industrial  demand 
and  during  the  last  two  or  three  years  the  imports 
to  the  United  States  have  been  two  to  three  times 
greater  than  the  amount  consumed  by  the  beryllium 
industry.  The  excess  imports  have  been  stock  piled 
by  the  Government  and  the  industries. 

PRODUCTION  OF  BERYLLIUM  OXIDE 

Beryl  ore  is  an  inert  mineral  and  can  be  chemically 
attacked  only  at  elevated  temperatures.  There  are 
two  commercial  processes  in  use  for  recovering 
beryllium  oxide  from  beryl,  both  of  which  involve 
aqueous  chemistry.  The  one  process  uses  fluoride 
as  the  vehicle  and  the  other  uses  sulfate. 
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In  the  fluoride  process5  which  is  used  by  the 
Beryllium  Corporation,  Reading,  Pennsylvania, 
finely  pulverized  beryl  is  mixed  with  sodium  ferric 
fluoride,  sodium  fluosilicate  and  soda  and  heated  in 
briquette  form  to  a  temperature  of  750° C.  This  treat- 
merit  converts  approximately  90%  of  the  beryllium 
content  in  the  beryl  ore  to  sodium  beryllium  fluoride, 
which  is  leached  out  with  water,  leaving  silica, 
aluminum  oxide  and  iron  oxide  as  an  insoluble 
residue.  The  solution  of  sodium  beryllium  fluoride 
so  formed  is  treated  with  caustic  soda  to  produce  a 
granular  grade  of  beryllium  hydroxide  which  is  easily 
separated  by  nitration  and  washing.  The  filtrate 
from  this  operation  which  contains  sodium  fluoride 
is  treated  with  ferric  sulphate  in  order  to  recover 
the  fluorine  content  as  insoluble  sodium  ferric  fluor- 
ide. This  compound  is  separated  by  filtration,  re- 
cycled and  used  again  in  the  process.  The  beryllium 
hydroxide  produced  is  calcined  to  oxide  by  heating 
to  about  1000°C.  The  purity  of  this  oxide  is  suffici- 
ently high  for  direct  use  in  the  production  of  beryl- 
lium-copper alloy,  but  is  not  suited  for  refractory 
purposes  mainly  due  to  its  sodium  fluoride  content. 

The  sulphate  process0  used  by  the  Brush  Beryl- 
lium Company  is  based  on  the  discovery  that  if 
beryl  is  first  completely  melted  without  addition  of 
chemicals  or  fluxes  and  then  quenched  in  cold  water, 
the  resulting  glassy  beryl  frit  becomes  reactive  to 
sulfuric  acid.  The  fusion  is  carried  out  at  about 
1700°C  in  a  carbon-lined  three-phase  electric  furnace, 
using  the  resistance  of  the  molten  ore  to  produce  the 
required  heat.  The  frit  produced  by  the  melting  and 
quenching  operations  is  further  dried  and  heat  treated 
in  a  gas-fired  rotary  kiln  at  temperatures  between 
900-950° C  to  increase  the  reactivity  of  the  ore. 

After  heat  treatment,  the  frit  is  ground  to  —  200 
mesh  and  mixed  to  a  slurry  with  9$%  sulfuric  acid  in 
an  amount  chemically  equivalent  to  the  beryllium  and 
aluminum  content  of  the  ore.  The  slurry  is  squirted  in 
a  small  stream  into  a  gas-fired  rotating  steel  mill  which 
is  heated  to  high  enough  temperatures  to  convert  the 
silicic  acid  formed  into  insoluble  silica.  The  soluble 
beryllium  and  aluminum  sulfates  are  then  extracted 
with  water  leaving  the  insoluble  silica  behind.  The 
sulphate  leach  liquor,  which  contains  approximately 
90%  of  the  beryllium  in  the  ore,  and  an  excess  of 
sulfuric  acid  corresponding  to  about  one  normal, 
also  contains  aluminum,  iron  and  other  impurities. 
The  bulk  of  the  aluminum  is  removed  by  adding 
ammonium  hydroxide.  The  resultant  ammonium  sul- 
phate converts  the  aluminum  present  to  ammonium 
alum  which  has  sufficiently  low  solubility  at  room 
temperature  to  crystallize  out.  The  alum  crystals  are 
separated  continuously  in  a  centrifugal  leaving  a 
mother  liquor  of  crude  beryllium  sulphate  contamin- 
ated with  aluminum,  iron,  etc. 

Following  the  alum  separation,  sequestrants  are 
added  to  the  mother  liquor  to  hold  the  undesirable 
impurities  present  in  the  solution,  while  an  excess 
of  sodium  hydroxide  is  added  to  convert  the  alum- 
inum and  beryllium  sulphates  to  aluminate  and 


beryllate.  Both  of  these  compounds  are  quite  soluble 
in  cold  alkaline  solution,  but  they  differ  in  that  the 
beryllate  decomposes  on  boiling  to  precipitate  a 
granular  form  of  beryllium  hydroxide,  whereas  the 
aluminate  is  unaffected  by  boiling.  This  difference 
makes  possible  the  precipitation  of  beryllium  hydrox- 
ide without  serious  contamination  by  aluminum. 

In  practice,  proportioned  streams  of  a  suitable 
chelating  reagent  such  as  ethylene  diamine  tetra- 
acetic  acid  and  dilute  sodium  hydroxide  solution  are 
added  continuously  to  the  mother  liquor  remaining 
after  the  alum  separation  and  the  alkaline  solution 
so  formed  is  continuously  decomposed  in  a  hydro- 
lyzer  held  at  boiling  temperature.  The  formed  beryl- 
lium hydroxide  is  continuously  separated  and  washed 
in  a  solid  bowl  centrifugal. 

The  standard  grade  beryllium  hydroxide  produced 
by  this  process  contains  between  5%  and  15%  mois- 
ture and  on  a  beryllium  oxide  basis  approximately 
0.057<  iron,  0.15$?  aluminum,  0.05 %  silicon  and 
0.1 5%  sodium. 

The  hydroxide  is  converted  to  beryllium  oxide  by 
heating  to  approximately  800°C.  Similarly  to  the 
grade  of  oxide  produced  by  the  fluoride  process,  the 
grade  of  beryllium  oxide  produced,  as  described 
above,  is  of  sufficient  purity  to  be  used  directly  for 
the  production  of  beryllium  copper,  but  is  unsuitable 
for  refractory  use  mainly  due  to  its  sodium  content. 

In  order  to  produce  a  highly  refractory  grade  of 
beryllium  oxide  suitable  for  nuclear  use,  the  Brush 
Beryllium  Company's  practice  is  to  dissolve  the 
beryllium  hydroxide  formed  by  the  hydrolysis  re- 
ferred to  above  in  sulfuric  acid,  whereupon  ammon- 
ium sulphate  is  added  to  separate  the  remaining 
aluminum  content.  Practically  complete  separation 
of  ammonium  alum  takes  place  when  the  concentra- 
tions are  adjusted  so  that  the  beryllium  sulphate 
solution  is  saturated  at  room  temperature  when  an 
excess  amount  of  ammonium  sulphate  is  present. 
After  removing  the  alum  crystals,  the  beryllium  sul- 
phate in  the  mother  liquor  is  crystallized  by  evapora- 
tion and  cooling.  The  beryllium  sulphate  formed  in 
this  manner  is  of  very  high  purity.  It  is  converted  to 
beryllium  oxide  by  calcining  to  approximately 
1150°C.  The  pure  oxide  produced  at  this  temper- 
ature is  fluffy  in  appearance,  and  contains  only  small 
amounts  of  alkalies. 

FABRICATION  OF  BERYLLIUM  OXIDE 

Beryllium  oxide  for  fabricating  refractories  is 
used  as  produced  in  calcined  form  in  hot  pressing, 
or  it  is  fused  for  extrusion,  dust  pressing  or  slip 
casting.  In  fusing,  the  temperature  is  so  high  that 
it  is  necessary  to  protect  the  melt  by  providing  the 
furnace  with  a  lining  of  beryllium  oxide  itself.  In 
the  process  developed  by  the  Clifton  Products  Com- 
pany the  fusion  is  carried  out  in  a  single  phase  elec- 
tric arc  furnace  using  a  power  input  of  250  to  300 
kw.  After  fusing  about  80  pounds  of  oxide  the  melt 
is  allowed  to  cool  until  solid  and  is  then  removed 
from  the  furnace,  cooled  in  the  air,  broken  into 
pieces,  and  crushed  in  a  jaw  crusher.  The  crushed 
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material  is  then  ground,  screened  and  passed  over  a 
magnet  to  remove  iron.  After  this  treatment  the 
material  is  ground  wet  in  a  small  iron  ball  mill  and 
then  treated  with  a  mixture  of  aqua  regia  containing 
free  chlorine.  The  cleaned  oxide  is  then  separated  by 
filtration,  washed,  dried  with  steam  and  finally 
heated  in  a  muffle  furnace  to  remove  adhering  par- 
ticles of  graphite  from  the  electrodes. 

Fluffy,  calcined  beryllium  oxide  is  usually  fabri- 
cated by  pressing  in  graphite  dies  at  1600°  C  to 
2300°C,  applying  pressures  of  500  to  200  psi.  This 
method  developed  by  the  Norton  Company  produces 
oxide  blocks  of  density  approaching  the  maximum 
theoretical  and  develops  the  optimum  properties  of 
beryllium  oxide.  When  fabricated  in  this  manner 
further  operations  are  not  generally  required,  ex- 
cept when  firing  is  required  for  whitening  or  grind- 
ing and  sawing  needed  to  finish  the  body  to  very  ac- 
curate dimensions.  Diamond  tools  arc  required  for 
sizing  high  density  beryllium  oxide  blocks  making 
direct  fabrication  to  final  contour  ;md  dimension 
very  desirable. 

Conventional  ceramic  operations  can  also  be  used 
with   high   fired,  or   fused   beryllium   oxide.    Such 
operations  involve  dust  pressing,  slip  casting,  ram- 
ming and  extrusion.  In  order  to  provide  strength 
for  handling  before  firing,  bonding  materials  such  as 
paraffin,  starch  and  resins  are  useful.  If  machining 
operations  are  needed,  it  is  preferable  to  prefire  the 
refractory  body  at  1200-1500°C  and  to  do  the  ma- 
chining before  the  final  firing  at  1700°C  to  2000°C. 
These  machining  operations  are  done  with  carbide 
tools.  The  densities  produced  vary  between  2.0  to 
2.6  grams  per  cm3,  depending  upon  the  firing  tem- 
perature, the  purity  of  the  oxide  and  the  particle 
size.  For  making  intricate  parts  dust  pressing  and 
firing  operations  may  be  especially  attractive  as  fused 
beryllia  may  be  cold  pressed  to  desired  density  and 
fired  without  shrinkage.  Sometimes  small  amounts  of 
alumina,    silica,   and   calcium   oxide   are   added    if 
strength  and  density  are  more  important  than  the 
refractory  properties.  To  serve  as  a  binder,  an  addi- 
tion of  beryllium  sulphate  to  fluffy  beryllium  oxide 
may  also  be  useful  before  firing.  After  firing  at  low 
temperature,  the  porous  refractory  body  is  then  im- 
pregnated with  another  mixture  of  fluffy  oxide  and 
beryllium    sulphate    before    refiring    at    a    higher 
temperature. 

REACTOR  USE  OF  BeO 

Beryllium  oxide  is  about  as  good  as  beryllium 
metal  as  a  moderator  when  considered  from  a  nuclear 
standpoint.  In  addition  it  is  chemically  inert  and  has 
a  high  melting  point.  It  therefore  seems  particularly 
attractive  for  use  in  a  high  temperature  air-cooled 
reactor.  Unfortunately  the  oxide,  in  common  with 
other  ceramics,  is  very  brittle  and  therefore  is  not 
easily  adopted  to  engineering  use.  There  are  no 
reactors  in  the  USA  which  use  BeO  as  a  moderator. 

Extensive  work  has  been  done  to  evaluate  and  im- 
prove the  ability  of  BeO  to  withstand  thermal  stress 
at  elevated  temperatures.  One  of  the  principle  test 


procedures  consists  of  generating  heat  inside  a  long 
tube  of  the  oxide  of  accurately  controlled  dimensions 
and  determining  the  heat  flux  and  temperature  at 
which  the  tube  cracks.  Investigations  by  H.  Schofield 
at  Battelle  Memorial  Institute  and  W.  Galbreath  at 
Oak  Ridge  National  Laboratory  have  shown  that 
the  thermal  rupture  resistance  may  be  substantially 
improved  by  small  additions  of  Al2Os  or  ZrO2  and 
by  controlled  porosity.  Unfortunately  the  reactor 
builders  want  as  high  density  as  possible. 

The  thermal  conductivity  of  BeO  is  unusually  high 
and  this  is  a  factor  in  its  favor.  However,  the  con- 
ductivity decreases  with  increasing  temperature  as 
shown  in  Table  I. 

Table  I.     Thermal  Conductivity  of  BeO 


Temperature,  *C 

K 

ivatts-cnifcnitoC 

540 
760 

980 

0.34 
0.24 
0.17 

In  addition  it  has  been  found  that  fast  neutron 
irradiation  decreases  the  conductivity.  In  one  case 
after  a  total  flux  exposure  of  1.3  X  1020  nvt  the  con- 
ductivity at  room  temperature  was  decreased  by  about 
40%. 

BeO  could  be  used  in  a  low  power  reactor  but 
further  improvement  in  thermal  rupture  behavior  is 
required  before  it  can  be  employed  in  a  high  perfor- 
mance reactor. 

PRODUCTION  OF  BERYLLIUM  METAL 

The  bulk  of  the  pure  beryllium  metal  produced  in 
the  United  States  is  made  by  the  reduction  of  beryl- 
lium fluoride  with  magnesium  metal  by  a  process 
developed  by  the  Brush  Beryllium  Company.7  This 
process  can  be  divided  into  four  basic  steps:  (1) 
production  of  high  purity  ammonium  beryllium 
fluoride  salt;  (2)  thermal  decomposition  of  ammon- 
ium fluoride  to  beryllium  fluoride;  (3)  reduction  of 
beryllium  fluoride  to  beryllium  metal  with  a  stoi- 
chiometric  deficiency  of  magnesium  metal ;  and  (4) 
vacuum  casting. 

Ammonium  Beryllium  Fluoride 
This  salt  is  produced  by  dissolving  beryllium  hy- 
droxide, beryllium  oxide,  or  beryllium  scrap  in  am-  • 
monium  bifluoride  solution.  This  solution  is  purified 
by  adding  lead  dioxide  to  precepitate  manganese  and 
chromium  by  oxidation.  Aluminum  is  precipitated 
on  the  addition  of  calcium  carbonate  which  raises 
the  solution  pH  to  approximately  8.3.  No  beryllium 
is  precipitated  by  this  treatment  since  ammonium 
beryllium  fluoride  does  not  dissociate  to  any  great 
extent.  Following  filtration  to  remove  the  lead,  chro- 
mium, manganese  and  aluminum,  other  metals  which 
may  be  present  in  small  amounts  are  precipitated 
as  sulfides.  The  remaining  filtrate  is  then  evaporated 
and  crystallizeu'  in  a  continuous  vacuum  salting 
evaporator.  The  salt  so  produced  contains  only  trace 
amounts  of  impurities. 
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Beryllium   Fluoride 

Ammonium  beryllium  fluoride  salt  is  readily  de- 
composed at  temperature  in  the  range  of  900° C  to 
1100°C  to  ammonium  fluoride  and  beryllium  fluoride. 

The  salt  is  fed  continuously  into  the  top  of  the  fur- 
nace and  liquid  beryllium  fluoride  is  continually 
drained  off  through  an  overflow  weir  at  the  bottom 
of  the  furnace.  The  ammonium  fluoride  gas  is  taken 
off  at  the  top  and  absorbed  in  a  scrubbing  tower. 
The  ammonium  fluoride  solution  so  formed  is  re- 
cycled to  the  dissolving  operation  and  the  beryllium 
fluoride  pebbles  are  stored  for  the  reduction  process. 

Metal  Reduction 

Beryllium  fluoride  is  readily  reduced  by  magnes- 
ium at  temperatures  close  to  the  melting  point  of 
beryllium  fluoride.  If  stoichiometric  proportions  of 
fluoride  and  magnesium  are  used,  an  effective  sep- 
aration of  the  metal  is  difficult  due  to  the  high  melt- 
ing point  of  the  magnesium  fluoride  slag  formed. 
It  is,  therefore,  necessary  to  add  a  fluxing  material 
to  lower  the  melting  point  of  the  slag  and  to  produce 
a  very  liquid  slag  so  that  the  metal  can  readily  float 
and  conglomerate.  In  the  practice  developed  by  the 
Brush  Beryllium  Company  it  was  found  that  beryl- 
lium fluoride  itself  is  the  best  and  the  most  economic 
flux  to  use.  For  this  reason  an  amount  of  magnesium 
is  added  to  the  fluoride  corresponding  to  approxi- 
mately only  75%  of  the  amount  required  stoichiomet- 
rically.  Another  advantage  in  using  an  excess  amount 
of  beryllium  fluoride  is  that  the  beryllium  fluoride 
remaining  in  the  slag  after  the  reduction  is  easily 
leached  out  with  water  leaving  a  residue  of  insoluble 
magnesium  fluoride.  The  beryllium  fluoride  solution 
is  recycled  to  the  ammonium  beryllium  fluoride  pro- 
duction step. 

In  practice,  the  beryllium  fluoride  reduction  is 
carried  out  in  a  100  kw,  3000-cycle  high  frequency 
electric  furnace  provided  with  a  graphite  crucible. 
After  completing  the  reaction  at  about  900°  C  the 
temperature  is  raised  to  the  melting  point  of  beryl- 
lium and  the  molten  mixture  is  then  poured  into  a 
receiving  pot  and  allowed  to  cool.  The  entire  solid 
block  of  metal  and  slag  is  then  charged  into  a  stain- 
less steel  ball  mill  and  wet  milled  in  order  to  separate 
the  beryllium  metal  pebbles  from  the  slag. 

The  over-all  beryllium  recovery  in  the  reduction  of 
the  milling  operation  is  between  96%  and  97%. 

Beryllium  metal  pebbles  produced  by  this  process 
contain  approximately  97%  beryllium  with  a  total 
metallic  impurities  content,  exclusive  of  magnesium, 
of  from  0.2%  to  0.5%.  The  beryllium  oxide  con- 
tent is  about  0.1%;  the  balance  is  slag. 

Vacuum  Casting 

The  pebbles  produced  as  above  contain  some  slag 
and  are  melted  for  purification  in  a  100  kw,  3000- 
cycle  high  frequency  electric  furnace  operated  in  a 
vacuum  of  approximately  300  microns.  Both  the 
melting  crucible  and  the  mold  are  contained  within 
the  evacuated  space.  The  crucible  is  made  of  beryl- 
lium oxide  and  the  mold  of  graphite.  The  average 


size  casting  is  70  to  75  pounds  and  the  operating 
cycle  is  five  hours. 

The  complete  analysis  of  a  vacuum  casting  typical 
of  metal  produced  by  Brush  is :  %  Be,  99.5 ;  ppm  C, 
400;  ppm  Fe,  1100;  ppm  Mn,  70;%ppm  Cr,  90;  ppm 
Ni,  130;  ppm  Mg,  500;  ppm  Al,  600;  ppm  B,  1.2; 
ppm  Cd,  0.5 ;  ppm  Li,  1 ;  ppm  Ag,  5 ;  and  ppm  Co, 
approx.  2. 

ELECTROLYSIS    OF    BERYLLIUM    CHLORIDE 

The  problem  of  electrolyzing  beryllium  chloride 
has  been  studied  for  many  years  and  in  fact,  was 
one  of  the  earliest  methods  for  producing  beryllium 
on  a  laboratory  scale. 

The  electrolyzer  may  consist  of  a  nickel  pot 
serving  as  the  cathode  and  a  graphite  electrode  serv- 
ing as  the  anode.  The  pot  should  be  tightly  covered 
to  exclude  air.  At  the  same  time  the  cover  must  be 
provided  with  an  opening  for  the  anode,  an  inlet 
for  hydrogen  or  other  inert  gases  if  such  gases  are 
used,  and  an  outlet  for  the  chlorine  gas  produced 
and  the  inert  gas  if  used.  The  temperature  of  the 
electrolyte  may  be  maintained  by  heating  the  nickel 
pot  externally. 

Since  beryllium  chloride  itself  is  a  non-conductor, 
the  electrolysis  is  generally  carried  out  in  the  pres- 
ence of  sodium  chloride  or  other  alkali  chlorides.  The 
temperature  of  the  electrolyte  varies  in  accordance 
with  the  alkali  fluoride  additions.  Using  sodium 
chloride  alone  the  temperature  of  the  electrolyte  is 
approximately  730°  C  and  the  voltage  applied  is  a 
minimum  of  five  volts.  Electrolytes  containing  a  eu- 
tectic  mixture  of  several  alkali  chlorides  such  as 
used  by  Brush  in  the  early  period  of  developing 
processes  for  producing  beryllium  can  be  electrolyzed 
at  temperatures  as  low  as  400°  C  if  the  beryllium 
chloride  concentration  is  maintained. 

The  beryllium  formed  is  deposited  in  flake  form 
on  the  inner  wall  of  the  nickel  pot  and  is  removed 
after  completion  of  the  run.  The  flakes  which  are 
always  covered  with  a  layer  of  fused  salt  are  gener- 
ally leached  with  cold  water  and  finally  washed  in  a 
filter  with  water  and  alcohol  and  dried  at  a  low 
temperature  to  avoid  excessive  oxidation.  In  the 
method  developed  by  the  Clifton  Products  Company 
the  flake  is  washed  with  sodium  hydroxide  solution 
and  then  with  dilute  nitric  acid.8 

Although  extremely  pure  beryllium  can  be  pro- 
duced by  this  method,  experience  has  so  far  indi- 
cated that  beryllium  powder  made  from  flakes  con- 
tains enough  slag  to  produce  some  difficulties  in 
fabrication.  Beryllium  chloride  is  also  extremely 
hydroscopic  and  therefore  tends  to  hydrolyze  into 
beryllium  oxychloride  which  is  insoluble  in  the  elec- 
trolyte. The  process  so  far  has  not  been  developed 
to  a  point  where  it  competes  technically  or  econom- 
ically with  the  direct  reduction  of  beryllium  fluoride 
with  magnesium. 

MELTING  AND  CASTING 

It  is  customary  to  melt  beryllium  in  vacuum  and 
to  use  BeO  crucibles.  The  vacuum  is  required  not 


594 


VOL.  VIII         P/820         USA         A.  R.  KAUFMANN  and  B.  R.  F.  KJELLGREN 


merely  to  minimize  oxidation  but  also  to  remove 
volatile  constituents  such  as  magnesium,  sodium,  and 
various  fluorides  and  chlorides.  BeO  crucibles  are 
required  because  the  metal  will  react  to  a  certain 
extent  with  all  other  stable  oxides,  especially  in 
vacuum. 

Equipment  for  vacuum  melting  beryllium  on  a 
commercial  scale  has  been  described  elsewhere.2  In 
order  to  make  high  quality  castings  it  is  desirable 
to  use  a  stopper  rod  and  pour  from  a  bottom  hole. 
The  reason  for  this  is  that  when  metal  is  poured 
from  the  top  of  the  crucible  it  flows  over  some  of 
the  condensed  volatiles  and  the  resultant  casting  may 
contain  porosity.  As  already  mentioned,  the  Brush 
Beryllium  Company  crude  pebble  is  vacuum  melted 
in  a  tilting  furnace  but  the  only  objective  of  the  op- 
eration is  to  remove  impurities  prior  to  converting 
the  metal  to  powder. 

Melting  of  beryllium  in  an  open  pot  has  been  ex- 
tensively studied.0  It  is  extremely  difficult  to  avoid 
porosity  in  the  casting  due  to  hydrogen  evolution 
during  solidification.  The  hydrogen  presumably 
comes  from  reaction  with  atmospheric  moisture.  In 
addition  the  removal  of  magnesium  is  incomplete 
and  the  oxidation  losses  are  excessive. 

A  sound  casting  requires  the  use  of  a  clean,  gas- 
free  mold  to  avoid  a  scabby  surface  due  to  mold 
outgassing.  Graphite  is  suitable  for  this  purpose  pro- 
viding that  it  is  first  baked  out  in  vacuum  and  is 
not  exposed  to  moist  air  when  not  in  use.  The  wall 
thickness  of  the  graphite  must  be  carefully  chosen 
since  beryllium  carbide  will  form  if  the  mold  be- 
comes too  hot  while  cracking  of  the  metal  occurs  if 
the  cooling  rate  is  excessive.  It  has  been  found  that 
castings  more  than  6  in.  in  diameter  almost  invar- 
iably contain  fine  cracks  at  the  central  axis.  The 
addition  of  about  l/2  per  cent  of  aluminum  helps  to 
avoid  this.  It  is  advantageous  to  use  a  hot  top  made 
of  alundum  or  beryllium  oxide  in  order  to  reduce 
the  amount  of  pipe.  It  is  undesirable  to  use  ceramic 
molds  because  the  slow  cooling  rate  leads  to  excess- 
ively coarse  crystals. 

Beryllium  castings  have  been  used  only  for  pro- 
ducing extrusion  billets.  The  metal  as-cast  is  exceed- 
ingly brittle,  largely  because  of  the  coarse  grain  size. 
A  casting  of  intricate  shape  would  almost  certainly 
contain  internal  cracks  at  the  regions  where  the 
columnar  grains  meet.  The  machining  characteris- 
tics of  a  casting  are  poor  because  the  hardness  of 
individual  crystals  is  quite  anisotropic  and  in  addi- 
tion surface  cracks  form  readily.  These  difficulties 
could  be  avoided  if  the  casting  could  be  made  suf- 
ficiently fine  grained.  It  has  not  been  possible  as 
yet  to  get  extensive  grain  refinement  by  small  alloy 
additions.  There  is  a  considerable  incentive  to 
achieve  fine-grained  castings  since  the  cast  metal  is 
much  less  expensive  than  the  powder  metallurgy 
product. 

PHYSICAL  METALLURGY 

The  physical  metallurgy  of  beryllium  has  been 
extensively  studied  in  an  effort  to  improve  the  duc- 


tility.3 The  first  line  of  attack  has  been  to  try  to  de- 
termine if  an  impurity  is  responsible  for  the  brittle- 
ness.  Metal  having  an  impurity  content  of  (in  parts 
per  million)  50  Al,  50  Ca,  50  Cr,  110  Cu,  50  Fe, 
35  Mg,  35  Mn,  100  Ni,  50  Si,  300  C,  18  N,  100  Cl, 
1000  O  can  be  produced  by  vacuum  melting  of  elec- 
trolytic flake.  This  metal  is  no  more  ductile  than  less 
pure  forms  of  beryllium.  Distilled  beryllium  has  been 
made  by  Kroll10  and  by  various  workers  at  M.I.T. 
without  improvement  of  the  ductility.  There  appears 
to  be  little  hope  that  further  removal  of  metallic  im- 
purities will  give  ductility.  There  has  always  been 
question  that  oxygen  causes  the  brittleness  but  no 
one  has  been  able  to  establish  that  oxygen  is  soluble 
in  the  solid  metal  or  that  removal  of  oxygen  gives 
improved  ductility.  Vacuum-melted  beryllium  ap- 
pears to  contain  less  oxygen  than  any  other  form  of 
the  metal  and  yet  it  is  the  least  ductile. 

Allowing  of  beryllium  offers  little  promise  of  pro- 
ducing a  more  ductile  metal.3'11  There  are  very  few 
elements  having  appreciable  solid  solubility  in  beryl- 
lium and  each  of  these  appears  to  make  the  metal 
more  brittle.  There  is  no  reason  to  believe  that  beryl- 
lium can  be  deoxidized  by  alloy  additions  and  ex- 
periments along  this  line  have  led  nowhere. 

A  number  of  investigators  have  reported  a  double 
heat  effect  at  the  melting  point  of  beryllium.12  The 
upper  effect  is  at  about  1278°C  and  the  lower  one 
at  1262°C.  Even  .the  purest  beryllium  available 
shows  this  phcMiomenon.  Work  is  in  progress  to  try 
to  definitely  prove  whether  this  is  caused  by  some 
impurity  or  whether  it  is  a  phase  transformation. 

It  has  been  known  for  some  time  that  fabricated 
beryllium  can  display  fairly  large  ductility  in  the 
fabrication  direction.  Recent  work  on  deformation  of 
beryllium  single  crystals  has  provided  a  clear  ex- 
planation of  this.  It  is  found  that  beryllium  can  slip 
almost  without  limit  on  the  1010  prism  planes.13 
The  critical  resolved  shear  stress  at  room  temper- 
ature is  about  9500  psi.  Slip  also  occurs  on  the  basal 
plane  at  about  one  third  of  the  stress  for  prism 
slip  but  fracture  always  occurs  on  the  basal  plane 
shortly  after  slip  has  started.  It  is  this  easy  fracture 
on  the  basal  plane  which  is  primarily  responsible  for 
the  brittleness.  Beryllium  can  twin  on  the  1012 
plane  under  tensile  stress  parallel  to  the  C  axis. 
Fracture  can  occur  on  the  twin  interface  and  also 
on  1120  prism  planes  but  these  fracture  modes  are 
not  nearly  as  important  as  that  of  the  basal  plane. 

The  ductility  which  can  be  achieved  in  polycrystal- 
line  commercial  beryllium  is  closely  related  to  grain 
size.  For  this  reason  the  recrystallization  and  grain 
growth  behavior  of  beryllium  is  of  importance.  Re- 
cent work14  has  shown  that  the  recrystallization  of 
beryllium  follows  about  the  same  pattern  as  for 
other  metals.  It  is  found  that  simple  deformations 
such  as  slip  and  twinning  in  single  crystals  do  not 
lead  to  the  appearance  of  new  grains  upon  annealing. 
Kinking  is  very  prevalent  in  polycrystalline  beryllium 
deformed  at  elevated  temperatures.  Annealing  of 
kinked  regions  leads  to  polygonization  with  numer- 
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ous  small  angle  boundaries.  These  subgrains  are 
usually  fairly  large  in  size  and  constitute  a  structure 
which  does  not  disappear  readily  upon  further  an- 
nealing. With  sufficient  heating  the  orientation  differ- 
ence between  the  subgrains  becomes  gradually  larger 
so  that  well  annealed,  equiaxed  grains  finally  are 
established.  This  behavior  makes  it  impossible  to 
get  a  really  fine  grain  size  by  working  and  annealing 
of  vacuum  cast  metal.  Tt  also  means  that  the  preferred 
orientation  developed  by  deformation  tends  to  persist 
even  after  extensive  annealing.  Powder  metallurgy 
beryllium  can  have  a  much  finer  grain  size  than 
fabricated  cast  metal- because  the  oxide  film  on  each 
powder  particle  inhibits  grain  growth. 

FABRICATION   TECHNIQUES 
Hot  Extrusion 

It  is  customary  to  extrude  beryllium  in  the  tem- 
perature range  between  900° C  and  1100°C.  This 
temperature  is  required  both  because  the  minimum 
recrystallizatiou  temperature  is  about  750°C  and 
because  the  metal  is  quite  stiff.  At  1000°C  a  unit 
pressure  of  about  55  tons  per  square  inch  is  required 
to  achieve  a  reduction  in  area  of  25  times.  Beryllium 
has  a  pronounced  tendency  to  stick  to  most  die  ma- 
terials. For  this  reason  it  is  customary  to  surround 
the  billet  with  a  shell  of  low  carbon  steel  which  ex- 
trudes along  with  the  beryllium.  A  lubricant  of  pow- 
dered graphite  in  heavy  oil  is  quite  satisfactory.  In 
order  to  ensure  a  uniform  flow  of  the  steel  it  is 
necessary  to  use  a  conical  approach  to  the  die.  A 
heated  graphite  disc  of  3  to  4  in.  thickness  is  placed 
behind  the  beryllium  billet  in  order  to  expel  all  the 
metal  from  the  machine.  This  procedure  eliminates 
the  problem  of  cutting  off  an  extrusion  butt. 

The  high  temperatures,  heavy  pressures,  and  the 
use  of  a  steel  clad  make  it  difficult  to  produce  ex- 
trusions of  complicated  cross  section.  Satisfactory 
round  bars  and  flat  shapes  can  be  made.  Tubes  have 
been  produced  but  mandrel  failure  is  liable  to  occur 
for  inside  diameters  of  less  than  about  one-half  inch. 

It  is  possible  to  extrude  chips,  electrolytic  flake 
or  fine  powder  using  the  same  techniques.  It  is  de- 
sirable to  cold  compact  the  material  in  the  steel  can 
to  as  high  density  as  possible  before  extrusion.  This 
is  necessary  in  order  that  the  steel  can  does  not  de- 
velop folds  during  the  initial  consolidation  at  the 
beginning  of  the  extrusion.  It  is  desirable  to  evacuate 
and  weld  shut  the  steel  can  in  order  to  avoid  oxygen 
and  nitrogen  pickup  by  the  beryllium  powder. 

The  steel  sheathing  can  be  removed  by  peeling 
or  by  pickling  in  strong  nitric  acid.  The  surface  of 
the  beryllium  is  more  or  less  rough  depending  on 
the  starting  material.  A  cast  billet  gives  a  serrated, 
bark-like  surface  on  the  extrusion  due  to  the  fact 
that  various  grains  indent  the  steel  cladding  by  differ- 
ent amounts.  An  extrusion  of  200  mesh  powder  has 
a  smooth,  silky  appearance  but  the  diameter  may 
be  somewhat  variable  along  the  length  depending 
on  how  uniformly  the  steel  flowed.  The  yield  of 
good  metal  is  about  80  to  90%. 


Rolling 

Hot  rolling  is  carried  out  at  800°C  to  1100°C 
using  a  steel  sheath  on  the  beryllium.  A  steel  thick- 
ness of  about  %  inch  is  satisfactory  for  a  total 
reduction  in  thickness  up  to  90%.  Ittis  usually  desir- 
able to  reheat  the  sheet  after  one  or  two  passes.  The 
surface  smoothness  of  the  final  sheet  is  greater  the 
finer  the  original  grain  size.  Extruded  powder  is 
particularly  suitable  for  rolling.  Sheet  as  thin  as 
0.005  in.  can  be  produced  if  sufficient  care  is  used. 
Thin  sheet  can  be  rolled  bare  at  about  300° C  es- 
pecially if  heated  rolls  are  used. 

Forging 

It  is  possible  to  deform  beryllium  at  600° C  to 
1000°C  by  press  forging  inside  of  a  heavy  steel  shell. 
A  single  stroke  operation  is  more  successful  than  a 
series  of  deformations.  Die  forging  of  bare  metal 
at  about  1000°C  can  be  carried  ou*  providing  that 
the  metal  is  not  subjected  to  extensive  tensile 
deformation. 

Discussion 

It  is  generally  found  that  beryllium  deformed  at 
temperatures  as  high  as  1000° C  and  then  air  cooled 
will  not  be  in  a  fully  recrystallized,  equiaxed  condi- 
tion. Subsequent  annealing  is  not  necessarily  desir- 
able, however,  unless  the  crystals  are  in  a  severely 
deformed  state. 

POWDER  METALLURGY10 
Powdering 

Beryllium  powder  of  the  Brush  type  is  produced 
by  comminution  of  50  to  70-pound  vacuum  cast 
ingots  to  chips,  using  a  multiple  turning  operation. 
These  chips  are  fed  into  a  water-cooled  beryllium- 
faced  attrition  mill  operating  in  an  atmosphere  of  dry 
nitrogen.  Powder  from  this  mill  is  passed  over  a 
vibrating  screen  to  remove  the  —200  mesh  fraction, 
with  the  oversize  powder  being  returned  to  the  top 
of  the  mill  for  regrinding.  Commercial  beryllium 
powder  is  sized  through  the  200  mesh  screen  and  con- 
sists of  about  half  —200  +  325  mesh  and  half  —325 
mesh  by  weight.  Despite  the  dry  atmosphere,  the 
beryllium  oxide  content  of  the  powder  increases  from 
about  0.1%  to  0.2%  in  the  vacuum-cast  metal  to 
0.3%  in  chips,  and  to  about  0.7%  to  1%  in  the  fin- 
ished —200  mesh  powder. 

The  beryllium  oxide  content  of  powder  is  a  func- 
tion of  particle  size,  increasing  with  diminishing 
particle  size.  However,  beryllium  oxide  is  advan- 
tageous in  controlling  grain  size  during  sintering, 
as  the  barrier  effect  on  grain  boundaries  of  the  oxide 
retards  normal  growth  until  rapid  grain  growth  oc- 
curs at  temperatures  greater  than  those  normally 
approached  during  fabrication.17  Despite  the  increas- 
ing oxide"  content,  fine  grain  beryllium  requires  less 
pressure  for  densification  than  coarse  grained  metal 
and  shows  superior  mechanical  properties  at  room 
temperature.  However,  at  temperatures  above  500°C, 
where  grain  boundary  failure  occurs  under  mechani- 
cal loading,  the  coarse,  or  lower  surface,  particles 
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give  better  mechanical  properties.  As  an  effective 
compromise  between  all  of  these  variations,  the  com- 
mercial —200  mesh  powder  averaging  around  20 
microns  in  particle  size  (ranging  from  2  to  200 
microns)  has  been  chosen.  In  this  form,  beryllium 
powder  can  be  stored  without  special  precautions  in 
glass  bottles  for  long  periods  of  time  without  apprecia- 
ble moisture  pickup  or  deterioration.  However,  it 
has  been  noted  that  powders  made  by  other  methods, 
notably  those  containing  chloride,  either  reduced  by 
thermic  or  electrolytic  methods  and  containing  resid- 
ual slag,  not  only  suffer  considerable  deterioration 
on  standing,  but  are  difficult  to  attrition  and  fabricate. 

Consolidation  of  Powder 

Beryllium  powder  is  consolidated  to  full  density 
by  a  number  of  methods,  including  (1)  cold-press- 
ing, sintering,  and  mechanical  deformation,  (2)  vacu- 
um hot-pressing,  (3)  warm  or  hot-pressing  under 
atmosphere  pressure,  and  (4)  hot  working  of  beryl- 
lium powder  in  metal  cans. 

If  a  large  number  of  small  uniform  parts  are  de- 
sired, beryllium  can  be  cold-pressed  at  40-100  tsi, 
sintered  at  1050-1 150°C,  and  coined,  rolled,  or  ex- 
truded to  final  density  at  400-500°  C.  Although  this 
temperature  spread  for  coining  is  considerably  below 
the  recrystallization  temperature  range  for  beryl- 
lium, it  is  above  the  brittle-ductile  mechanical  transi- 
tion which  the  metal  undergoes.  At  these  tempera- 
tures beryllium  has  considerable  ductility,  the  hot- 
pressed  material  showing  up  to  50%  elongation  or 
tensile  contraction  in  area  in  all  directions  (iso- 
tropic)  over  the  temperature  range  300-500° CC. 

The  principal  advantage  of  processing  in  the  warm 
range  is  in  obtaining  contours  and  dimensions  very 
close  to  the  as-finished  condition,  although  high  pres- 
sures needed  to  operate  in  this  temperature  range 
(20-80  tsi)  limit  the  process  at  the  present  time  to 
small  objects.  Warm  processing  has  been  used  in 
forging,  coining,  rolling,  and  extruding  sintered  be- 
ryllium to  final  shape  and  density.  Warm  pressing, 
wherein  the  powder  may  be  fabricated  to  full  density 
by  simultaneous  application  of  heat  and  pressure  at 
a  temperature  around  450°  C,  is  not  used  commer- 
cially because,  without  sintering  above  the  recrystal- 
lization temperature,  beryllium  is  extremely  brittle 
and  lacks  dimensional  stability  even  though  it  has 
been  brought  to  full  density.16 

One  of  the  most  widely  used  methods  of  fabricat- 
ing large  fine-grained  blocks  of  beryllium  is  vacu- 
um hot-pressing,  wherein  full  density  is  obtained  at 
1050-1 150°C  under  pressure  of  75-100  psi  and 
upwards.  In  this  operation,  either  steel  or  graphite 
molds  are  used,  depending  on  shape  and  pressure 
desired.  The  molds  are  filled  with  powder  usually  by 
vibrating  the  molds  to  secure  even  compaction.  Be- 
cause of  the  large  masses  of  powder  used  (several 
hundred  pounds)  and  the  low  pressures  employed,  a 
relatively  large  time  cycle  (4  to  20  hours)  is  needed. 
Higher  pressures,  if  allowable  by  the  mold  materials, 
will  diminish  the  time  cycle,  but  higher  pressure 
usually  gives  anisotropic  mechanical  properties  to  the 


metal.  One  of  the  major  advantages  of  vacuum  hot- 
pressing  is  the  uniformity  of  properties  in  all  direc- 
tions, unlike  practically  any  other  method  of  fabrica- 
tion. 

So-called  direct  pressing,  wherein  bodies  are 
pressed  to  density  at  1000-1250°  C  under  normal  or 
protective  atmospheres,  has  been  used,  but  is  con- 
sidered unreliable,  especially  for  large  bodies,  because 
of  potential  die  failure,  as  pressures  from  1000  to 
2000  psi  are  needed  to  obtain  full  density.  Should 
suitable  die  materials  be  developed,  this  method 
would  be  very  interesting  because  of  its  potential  for 
rapidly  producing  shapes  close  to  finished  dimensions. 

A  mollification  of  hot-pressing  of  the  vacuum  type 
is  high  temperature  hydrostatic  or  pneumostatic  hot- 
pressing,  or  what  has  been  referred  to  as  the  "en- 
velope technique."  The  vacuum  envelope  pressing 
technique  was  developed  chiefly  for  producing  dense 
intricate  bodies  under  pressures  from  100-300  psi 
and  temperatures  from  1000-1 100°C.  A  thin-walled 
steel  form  whose  internal  surface  is  contoured  to 
the  desired  shape  contains  the  beryllium,  and  the 
entire  assembly  is  placed  inside  a  heated  pressure 
vessel.  The  intervening  positioning  of  the  sintering 
assembly  is  accomplished  through  filling  the  space 
between  the  pressure  vessel  walls  and  the  assembly 
with  a  non-sintering  permeable  ceramic  powder  and 
pressurized  with  inert  gas.  The  steel  can  or  form 
containing  the  beryllium  powder  is  then  evacuated 
and  the  assembly  brought  to  temperature.  In  this 
manner,  long  thin  tubes,  rods  with  irregular  cross 
sections,  and  special  shapes  can  be  produced,  close 
to  full  density,  for  use  or  final  dimensioning  by  light 
deformation. 

Another  method  of  fabricating  beryllium  powder 
is  to  contain  the  powder  in  a  steel  protecting  can  in 
which  the  powder  is  either  vibrated  or  cold-pressed 
to  obtain  as  great  a  fill  as  possible.  At  temperatures 
above  the  recrystallization  range,  the  beryllium  can 
then  be  rolled,  forged,  or  extruded  to  density  and 
shape  with  pressures  of  2000  to  10,000  psi,  in  a  tem- 
perature range  of  900°  to  1 100°C. 

DUCTILITY   OF    FABRICATED    BERYLLIUM18 

The  observed  facts  with  regard  to  ductility  of 
commercial  beryllium  are : 

1.  A  cast  single  crystal  can  slip  extensively  on 
1010  planes,  twin  on  1012  planes,  and  fracture  on 
0001,  1120,  and  10l2  planes. 

2.  Cast  polycrystalline  beryllium  exhibits  essen- 
tially zero  elongation  in  tension  at  room  temperature. 

3.  Extruded  castings  have  2  to  3%  elongation 
parallel  to  the  extrusion  axis  and  are  brittle  in  a 
transverse  direction. 

4.  Hot-pressed  200  mesh  powder  has  about  2% 
elongation  in  all  directions. 

5.  Extruded  200  mesh  powder  has  15  to  20% 
elongation  in  a  parallel  direction  and  1  to  2%  per- 
pendicular thereto. 

6.  Extruded  200  mesh  powder  cross  rolled  at 
1000°  C  with  6  to  10  times  reductions  has  30  to  4Q% 
elongation  in  all  directions  in  the  plane  of  the  sheet. 
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All  of  these  materials  have  essentially  the  same 
purity  except  that  metal  derived  from  castings  has 
about  0.2%  oxygen  whereas  metal  made  from  pow- 
der has  about  1%  oxygen. 

The  differences  in  ductility  are  a  function  of  pre- 
ferred orientation  and  grain  size.  It  is  clear  that  a 
specimen  having  all  the  crystals  oriented  with  the 
basal  planes  parallel  to  the  stress  axis  should  resist 
fracture  and  should  be  able  to  elongate  by  slip  on  the 
prism  planes.  This  texture  is  produced  in  hot  working 
and  is  the  principle  reason  why  some  ductility  is 
found  in  fabricated  beryllium.  It  is  necessary,  how- 
ever, to  also  consider  grain  size  in  order  to  under- 
stand the  differences  mentioned  above. 

The  importance  of  grain  size  is  illustrated  by  the 
different  ductility  of  cast  and  powder  metallurgy  be- 
ryllium. In  each  case  the  grains  are  more  or  less 
randomly  oriented  but  for  the  cast  metal  the  grain 
size  is  usually  1  to  10  mm  in  diameter  while  the  hot 
pressed  material  has  grains  of  about  0.002  to  0.2  mm. 
In  each  case  there  will  be  some  grains  unfavorably 
oriented  with  respect  to  the  stress  axis  and  easy 
fracture  should  occur.  Apparently  with  smaller 
grains  the  propagation  of  fracture  is  inhibited  to  a 
substantial  extent.  Various  experiments  seem  to  in- 
dicate that  the  oxide  film  which  existed  around  each 
powder  particle  before  hot  pressing  does  not  con- 
tribute directly  to  the  improved  ductility.  This  film 
is  of  importance,  however,  in  preventing  grain 
growth  during  the  sintering  operation. 

The  difference  in  ductility  between  extruded  cast 
and  extruded  200  mesh  powder  again  illustrates  the 
importance  of  grain  size.  Careful  measurements  have 
shown  that  the  statistical  texture  can  be  made  quan- 
titatively identical  in  both  cases,  especially  if  the 
cast  metal  is  water  quenched  at  the  extrusion  exit. 
This  texture  consists  of  a  1010  axis  parallel  to  the 
extrusion  direction  with  the  0001  axes  of  the  various 
grains  normal  to  this  direction  and  randomly  dis- 
tributed about  it.  The  extruded  casting  will  have  a 
grain  size  of  0.1  to  1  mm  as  compared  with  about 
0.02  mm  for  the  extruded  powder.  The  grain  size 
of  the  latter  is  even  finer  than  the  original  200  mesh 
size  since  each  particle  was  elongated  by  a  factor  of 
20  or  more  and  the  subsequent  recrystallization,  by 
and  large,  still  takes  place  only  within  the  elongated 
boundaries  of  each  oxide  envelope. 

It  is  to  be  noted  that  in  a  rod  extrusion  the  ran- 
dom distribution  of  the  basal  planes  about  the  rod 
axis  will  not  lead  to  the  maximum  possible  elonga- 
tion even  though  the  prism  planes  are  favorably 
oriented  for  slip.  The  reason  for  this  is  that  prism 
plane  slip  does  not  lead  to  a  dimensional  change  of 
the  crystal  along  the  C  axis.  Adjacent  crystals  there- 
fore do  not  experience  the  same  distortion  in  a  direc- 
tion perpendicular  to  the  applied  load  and  this  leads 
to  stress  concentrations  on  a  micro  scale  which  even- 
tually cause  fracture. 

The  importance  of  this  consideration  is  demon- 
strated by  the  extraordinary  ductility  of  the  cross- 
rolled  sheet.  In  this  case  the  basal  planes  can  be 


made  almost  parallel  with  the  plane  of  the  sheet.  This 
texture  not  only  gives  ductility  in  all  directions  in 
the  plane  of  the  sheet  but  tends  to  avoid  stress  con- 
centrations between  neighboring  grains  as  the  defor- 
mation proceeds.  The  sheet  does  not  neck  down  per- 
pendicular to  its  plane.  Some  work  has  been  done  to 
show  that  cross-rolled  beryllium  with  the  above  de- 
scribed texture  can  have  extensive  ductility  even 
though  the  grains  are  relatively  large.  Apparently 
the  importance  of  grain  size  can  be  minimized  if 
stress  concentrations  between  adjacent  crystals  are 
avoided. 

HIGH  TEMPERATURE  STRENGTH 

It  is  well  established3* 17  that  the  tensile  ductility 
of  both  extruded  cast  and  powder  metallurgy  beryl- 
lium increases  rapidly  above  room  temperature.  The 
maximum  ductility  occurs  in  the  range  of  300  to 
500°  C  with  elongations  of  30  to  50%.  At  higher 
temperatures  the  elongation  decreases  in  a  somewhat 
erratic  manner  and  becomes  a  function  of  the  rate 
of  elongation.  This  latter  behavior  apparently  is 
caused  by  failure  of  the  metal  at  the  grain  bounda- 
ries. 

The  strength  of  beryllium  decreases  rapidly  with 
increasing  temperature  and  is  about  half  as  great  at 
500°C  as  at  20°C  Above  500°C  the  strength  be- 
comes erratic  depending  on  the  strain  rate.  Some 
information  on  creep  rate  and  stress-rupture  life  in 
the  range  700°C  to  1100°C  has  been  obtained  on 
extruded  cast  metal.3  Further  careful  work  would 
need  to  be  done  to  get  reliable  engineering  data. 

A  small  amount  of  work  has  been  done  which  in- 
dicates that  the  addition  of  BeO  to  powder  metal 
in  amounts  of  5  to  25%  can  increase  rupture  life  at 
high  temperatures.  It  also  appears  that  solid  solution 
alloys  such  as  1%  nickel  can  improve  the  high  tem- 
perature behavior. 

MACHINING 

Beryllium  produced  by  powder  metallurgy  tech- 
niques is  machined  readily  and  easily,  using  standard 
machining  methods  applied  in  the  machining  of  heat 
treated  cast  aluminum  and  cast  iron.  Both  cast  and 
extruded  cast  beryllium  are  more  difficult  to  machine. 

The  major  problems  in  machining  of  beryllium 
are  connected  with  the  abrasive  nature  of  the  metal, 
the  economic  necessity  of  recovering  clean  dry  chips 
and  particles  for  recycling  to  powder  production  and 
the  prevention  of  health  hazards  from  atmospheric 
dispersion  of  beryllium  dust  in  the  working  areas. 

Although  successful  machining  has  been  done 
using  standard  high  speed  tools,  it  is  generally  pre- 
ferable to  use  tungsten  carbide  tipped  tools.  Lathe 
turning,  milling,  sawing,  drilling,  reaming,  and 
grinding  operations  are  all  used  with  excellent  re- 
sults, 'although  such  operations  as  deep  drilling  are 
more  complex.  Standard  grinding  finishes  using  an 
open  structure  wheel  are  readily  achieved  while 
grinding  wet.  Some  minor  problems  in  grinding  are 
due  to  the  non-magnetic  properties  of  beryllium. 
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Practically  complete  recovery  of  chips,  particles 
and  dust  of  beryllium  resulting  from  dry  machining 
operations  are  necessary  both  for  economic  and  for 
health  control  reasons.  The  type  of  air  exhaust 
equipment  needed  for  these  purposes  must  be  highly 
efficient  and  is  necessarily  more  complicated  and  ex- 
pensive due  to  health  control  considerations  than  is 
required  merely  to  recover  chips,  etc.  for  recycling. 

Our  experience  gained  from  many  years  of  con- 
tinued beryllium  machining  operations  indicates  that 
such  operations  can  be  carried  out  safely  and  without 
clanger  to  health. 

It  should  be  noted  that  the  speed  of  removing  be- 
ryllium metal  in  dry  machining  operations  is  gov- 
erned by  the  efficiency  of  the  exhaust  equipment  and 
not  by  the  machinability  of  the  metal. 

CORROSION 

Beryllium  is  quite  corrosion  resistant  to  air  and 
water.  High  grade  metal  remains  bright  for  years  in 
the  atmosphere  at  room  temperature  and  docs  not 
oxidize  appreciably  even  at  600°C.  A  heavy  white 
oxide  forms  in  about  one  hour  at  900° C  and  very 
rapidly  at  1000°C  or  higher.  However,  the  metal  does 
not  burn  in  the  sense  that  it  raises  its  temperature 
above  the  surroundings.  When  beryllium  does  cor- 
rode at  room  temperature  the  difficulty  can  be  traced 
to  non-metallic  inclusions  such  as  carbide  or  chloride. 

Aqueous  corrosion  of  beryllium  is  sometimes  er- 
ratic for  reasons  which  are  not  well  understood.  The 
hot-pressed  powder  is  much  more  consistent  than 
cast  metal  and  it  appears  that  the  difference  in  grain 
size  may  be  partly  responsible  for  this.  It  is  found, 
for  example,  that  a  single  crystal  is  destroyed  com- 
pletely in  high  temperature  water  by  numerous  cleav- 
ages along  the  basal  plane  even  though  only  minor 
amounts  of  oxide  have  been  formed.  Some  hot- 
pressed  powder  metal  has  been  observed  to  corrode 
in  demineralizde  water  at  100°  C  at  the  rate  of  about 
0.1  to  1  mil  per  year  with  occasional  pits  of  one  to 
five  mils  in  depth.19  This  corrosion  behavior  varies 
with  the  quality  of  the  metal  and  it  is  believed  that 
present  production  is  better  in  this  respect.  Ions  of 
chloride,  sulphate,  copper,  and  iron  in  the  water  in- 
crease the  pitting  rate  somewhat.  Commercial  hot- 
pressed  powder  readily  passes  an  acceptance  test 
which  involves  exposure  to  250°  C  water  for  96 
hours.  Some  of  this  same  material  has  been  found  to 
be  more  corrosion  resistant  than  zirconium  in  350° C 
water  but  other  samples  disintegrate  completely.  The 
leasons  for  these  differences  are  not  yet  understood 
but  there  is  some  evidence  to  show  that  aluminum 
and  silicon  impurities  are  harmful  and  that  iron  is 
beneficial. 

Beryllium  is  not  attacked  appreciably  by  pure 
molten  sodium  at  500°C.  Beryllium  oxide  does  form 
in  sodium  at  this  temperature  if  the  sodium  contains 
more  than  about  0.01%  oxygen. 

There  is  no  evidence  of  stress  corrosion  of  beryl- 
lium either  in  high  temperature  water  or  in  sodium. 


IRRADIATION 

All  evidence  to  date  indicates  that  beryllium  metal 
is  not  appreciably  altered  by  neutron  irradiation. 
Specimens  of  cast  and  forged,  cast  and  extruded,  and 
extruded  chips  were  exposed  in  a  thermal  reactor 
to  an  integrated  flux  of  1.8  X  1020  nvt.  There  was 
no  change  observed  in  dimensions,  electrical  resistiv- 
ity, or  corrosion  resistance  and  only  a  slight  increase 
in  hardness  arid  decrease  in  thermal  conductivity. 
Hot-pressed  powder  metal  made  by  the  Brush  proc- 
ess has  been  used  successfully  in  the  Materials  Test- 
ing Reactor  for  a  number  of  years. 

BERYLLIUM  HEALTH  HAZARDS 

Many  years  of  industrial  experience  indicate  that 
a  potential  health  hazard  exists  in  the  handling  and 
processing  of  beryllium  and  its  compounds.  At  the 
same  time  practical  methods  have  been  developed 
whereby  such  hazards  can  be  reduced  or  eliminated 
if  proper  precautions  arc  taken. 

It  should  always  be  kept  in  mind  that  the  toxicity 
of  any  material  depends  on  many  factors,  such  as 
the  amount  and  the  concentration  of  the  material 
involved,  the  time  of  contact,  or  exposure  and  the 
manner  in  which  the  body  is  exposed,  such  as  skin 
contact,  exposure  of  lungs  and  inhalation  or  in- 
gestion  through  the  mouth.  As  far  as  is  known,  no 
cases  of  digestive,  poisoning  due  to  ingestion  have 
been  recorded  in  the  beryllium  industry,  and  no 
toxic  effects  have  been  reported  as  due  to  the  mining 
of  beryl  ore,  or  the  mechanical  working  or  handling 
of  low  beryllium  alloys. 

However,  soluble  compounds  of  beryllium  may 
cause  dermatitis,  and  acute  pneumonitis  may  be  en- 
countered when  mists,  dust,  or  fumes  of  beryllium- 
containing  materials  are  inhaled. 

Most  medical  authorities  now  also  agree  that  be- 
ryllium containing  mists,  dust,  or  fumes  may  cause 
a  delayed  type  of  pneumonitis  in  individuals  sensitive 
to  beryllium.  So  far  no  method  for  testing  an  in- 
dividual's sensitivity  to  beryllium  has  been  found. 
The  delayed  type  of  pneumonitis  also  generally 
develops  slowly  and  may  extend  over  a  period  of 
many  years.  For  these  reasons,  the  practical  difficul- 
ties involved  in  controlling  the  health  hazard  in  the 
beryllium  industry  have  been  perhaps  greater  than 
for  most  other  elements. 

In  practice  the  beryllium  health  hazard  is  effec- 
tively reduced  or  controlled  by  proper  ventilation, 
frequent  washing,  and  showers  at  the  end  of  each 
shift.  Personal  cleanliness  should  be  emphasized  and 
the  operator  should  be  provided  with  a  clean  se*-  of 
working  clothes  at  the  beginning  of  each  shift.  It 
is  also  advisable  to  have  the  chest  of  every  employee 
checked  at  frequent  intervals  and  to  X-ray  all  em- 
ployees at  least  once  a  year.  In  regard  to  ventilation, 
measures  should  be  taken  to  control  the  volume  of 
mists,  dust,  or  dimes  by  enclosing  and  ventilating 
the  equipment  used  and  by  monitoring  the  air  both 
in  the  plant  and  in  the  vicinity  of  the  plant  for  the 
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purpose  of  maintaining  a  safe  level  of  beryllium  con- 
tent in  the  air. 

A  further  discussion  of  this  subject  has  been  given 
by  Merrill  Eiscnbud  of  the  US  Atomic  Energy  Com- 
mission.20 

FUTURE  OF  BERYLLIUM 

The  successful  development  and  growth  of  the  be- 
ryllium industry  during  the  last  twenty-five  years  is 
mainly  due  to  the  unique  capacity  for  precipitation 
hardening  imparted  by  the  addition  of  beryllium  to 
heavy  metals  and  particularly  to  certain  copper  base 
alloys,  which  have  found  many  important  applica- 
tions in  industry.  The  beryllium  copper  industry's 
earnings  from  beryllium  copper  have  been  a  most 
important  factor  in  reducing  the  cost  of  beryllium 
oxide  and  also  made  possible  the  development  of 
processes  for  producing  pure  beryllium  at  a  time 
when  very  little  or  no  demand  for  the  pure  metal 
existed.  The  industry,  therefore,  could  make  im- 
cliately  available  to  the  government  pure  beryllium  in 
large  enough  quantities  to  meet  early  nuclear  require- 
ments for  beryllium  and  at  a  cost  much  lower  than 
would  otherwise  have  been  possible. 

Later  on  with  the  development  of  nuclear  energy 
the  substantial  investment  of  government  funds  in 
the  development  and  improvement  of  production 
processes  and  fabrication  methods  has  substantially 
contributed  to  the  progress  made  in  the  pure  beryl- 
lium field  and  in  developing  practical  methods  for 
controlling  the  health  hazard.  The  beryllium  copper 
industry  is,  however,  bound  to  influence  future  prices 
of  pure  beryllium,  since  at  the  present  time  the  ma- 
jor costs  in  producing  the  pure  metal  are  due  to  the 
high  unit  costs  of  labor  and  general  expenses  result- 
ing from  low  volume  production. 

The  demand  for  beryllium  and  its  alloys  is  steadily 
increasing  clue  to  the  widening  circle  of  industrial 
applications  for  its  alloys  and  the  growing  interest 
for  use  of  pure  beryllium  in  nuclear  applications.  It 
can,  therefore,  be  safely  predicted  that  the  beryllium 
industry  will  grow  to  a  considerable  size  in  the  next 
10  to  20  years. 

The  current  ore  supply  of  hand-cobbed  beryl  has 
always  been  more  than  sufficient  to  meet  industrial 
demands  and  it  is  expected  that  even  were  substan- 
tially increased  demands  to  occur,  this  type  of  ore 
supply  will  be  sufficient  for  many  years  to  come.  It 
is,  however,  expected  that  the  demand  for  beryllium 
ir  alloys  and  in  nuclear  applications  will  increase  in 
the  future  to  a  point  where  the  recovery  of  beryl 
from  low  grade  beryllium  deposits,  which  are  now 
known  to  contain  very  large  amounts  of  beryllium, 
will  be  necessary,  as  has  been  the  experience  in 
other  industries.  There  arc  reasonable  prospects  that 
such  recovery  of  beryllium-containing  ores  can  be 
accomplished  by  concentration  of  low-grade  beryl 
deposits  although  probably  several  years  of  develop- 
ment work  is  still  needed. 
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Sintering  of  Beryllium  Oxide 

By  R.  Caillat*  and  R.  Pointudf,  France 


This  study  originated  in  a  search  for  a  process 
that  would  enable  us  to  manufacture  briquets  of 
beryllium  oxide  of  nuclear  purity  and  of  as  high  den- 
sity as  possible.  The  specifications  were  as  follows : 

1.  The  total  cross  section  of  the  impurities  for 
thermal    neutrons    must    not   exceed    2   millibarns, 
equivalent  to   1800  ppm  of  iron  in  the  beryllium 
oxide. 

2.  The  density  must  at  least  equal  or  exceed  2.85 
(theoretical  density  =  3.02). 

3.  The  form  adopted  (rectangular  parallelepiped 
100  X  100  X  SO  mm)  must  have  dimensions  accu- 
rate to  0.1  mm. 

Preliminary  study  rapidly  demonstrated  that  pro- 
cedures now  in  use  (natural  sintering  of  a  cast, 
tamped,  or  pressed  form)  to  manufacture  these  bri- 
quets would  entail  great  difficulty  in  turning  out  a 
product  to  meet  the  required  specifications  regularly. 

We  thought  that  sintering  under  pressure,  intro- 
duced a  few  years  ago1,  would  be  more  effective.  We 
ran  a  preliminary  test  on  a  laboratory  scale  to  deter- 
mine the  potentialities  of  this  technique  in  this  par- 
ticular case.  Owing  to  the  high  toxicity  of  beryllium 
oxide,  however,  we  preferred  to  determine  the  gen- 
eral sintering  characteristics  by  using  alumina. 

We  confined  ourselves  to  checking  the  general  re- 
sults secured  with  the  alumina  by  making  a  few  tests 
with  the  beryllium  oxide.  Our  results  showed  that  the 
analogy  was  sufficiently  reasonable.  It  actually  en- 
abled us  to  determine  the  manufacturing  conditions 
required  for  a  product  that  would  meet  the  specifi- 
cations prescribed. 

SINTERING  ALUMINA  UNDER  PRESSURE 
Experimental  Setup 

The  alumina  powder  was  hot-compacted  in  a 
graphite  mold  (Fig.  1). 

The  sintering  apparatus  (Fig.  2)  comprised  a 
rigid  frame,  and  a  jack  that  enabled  us  to  set  up  the 
desired  pressure  upon  the  product  to  be  sintered  via 
a  column  of  aluminous  refractories.  A  0-6  ton  dyna- 
mometer, located  at  the  upper  end  of  the  framework 
and  resting  on  the  refractory  column,  measured  the 
force  applied  to  the  table  during  sintering.  The 
graphite  mold  was  heated  by  induction.  The  high- 
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frequency  generator  was  of  the  spark  type,  rated  at 
some  10  kva. 

Temperature  was  measured  by  a  Ribaud  optical 
pyrometer.  The  precision  of  measurement,  allowing 
for  the  various  sources  of  error  (regulation  of  the 
generator,  definition  of  the  brilliancy  of  the  light 
source  sighted  on,  etc.),  was  such  that  the  tempera- 
ture levels  in  the  neighborhood  of  1600°C  were  read 
to  approximately  =b  10  or  15°. 

Raw  Material 

The  alumina  used  is  a  variety  of  corundum.  The 
content  of  the  major  impurities  is  as  follows,  ex- 
pressed in  terms  of  the  A12O3:  Na,  31  X  1Q-4; 
Cu,  10  X  10-*;  Fe,  7.75  X  1Q-4;  Si,  3  X  1Q-4;  and 
Mn,  0.5  X  10-4. 

The  distribution  of  particle  size,  determined  by 
sedimentation  in  a  Martin  balance,  is  as  follows: 
50  >  y  >  30—5.3%  ;  30  >  y  >  20—5.3%  ;  20  >  i|>  > 
10—34.8% ;  10  >  tp  >  5—20.7%  ;  and  ip  <  5— 
33.7%.  ip  is  the  mean  diameter  of  the  particles  in 
microns.  The  size  of  the  sample  was  5  gm  of  powder. 

Before  sedimentation  was  measured  dispersion  was 
ensured  by  agitation  for  24  hours  in  a  liter  of  potas- 
sium pyrophosphate  solution  containing  1  gram  per 
liter. 

Preparation  of  Specimens 

The  alumina  used  was  stored  in  a  moisture-free 
place.  Before  being  sintered  under  load  it  was  com- 
pacted in  the  cold  in  a  steel  mold  at  a  pressure  of 
2600  kg/cm2. 

All  the  experiments  described  in  this  paper  were 
done  with  the  crude  tablets  thus  prepared,  30  mm  in 
diameter,  14  mm  thick,  and  weighing  18  gm.  This 
is  equivalent  to  an  apparent  density  in  the  neighbor- 
hood of  1.8. 

The  tablets  were  dried  in  a  drying  oven  at  120°  C 
for  48  hours  before  sintering. 

Sintering 

The  tablets  were  then  placed  in  a  graphite  mold. 
At  the  start  of  the  operation,  a  pressure  of  30  kg/cm2 
was  applied  to  the  column  to  maintain  the  apparatus 
in  place  and  to  ensure  adequate  tightness  to  enable 
the  stream  of  nitrogen  that  swept  out  the  sighting 
channel  to  protect  the  graphite  mold  against  too  rapid 
combustion.  The  temperature  rose  to  the  neighbor- 
hood of  1600°  C  within  20  minutes.  The  sintering 
pressure  was  measured  only  after  the  experimental 
temperature  had  been  reached.  That  pressure  and 
temperature  were  kept  constant  throughout  the  sin- 
tering experiment. 
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Results 

In  view  of  the  specifications  prescribed  for  the 
proposed  manufacture,  we  considered  that  the  den- 
sity of  the  product  would  be  our  principal  sintering 
characteristic.  We  also  determined  the  total  and 
sealed  porosity,  though  we  regarded  them  merely  as 
qualitative  indications  of  the  sintering  process.  As 
a  matter  of  fact,  by  their  very  nature,  these  quanti- 
ties cannot  be  determined  very  rigorously. 

All  other  conditions  remaining  the  same,  especially 
the  raw  material,  the  form  and  the  dimensions  of  the 
tablets,  and  the  compacting  of  the  latter  in  the  mold, 
we  may  list  the  following  physical  factors  as  those 
affecting  the  sintering  result :  ( 1 )  the  sintering  tem- 
perature; (2)  the  time  during  which  this  tempera- 
ture is  maintained,  and  (3)  the  pressure  at  which 
sintering  is  performed. 

Influence  of  Sintering  Temperature 

Figure  3  shows  the  variation  of  density  and  porosi- 
ty with  temperature  for  pressure  of  200  kg/cm2, 
applied  for  30  minutes.  In  all  these  experiments,  the 
initial  sinking  of  the  tablet  under  pressure  was  found 
to  occur  when  the  temperature  reached  11SO-1170°C. 
The  three  curves  are  linear  between  11  SO  and 
1320°C.  Above  the  latter  temperature  the  sealed 
porosity  becomes  the  major  factor,  and  increases  in 
temperature  give  rise  to  a  smaller  increase  in  the 
density. 

Above  1360°C  microscopic  examination  of  thin 
sections  cut  from  the  sintered  sections  exhibited  the 
onset  of  recrystallization  accompanied  by  slight  ori- 
entation of  the  crystals  parallel  to  the  face  under 
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Figure  3.     Curves 
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pressure.  The  higher  the  temperature,  the  more  defi- 
nite does  the  microcrystalline  orientation  become, 
particularly  at  the  edges  of  the  tablet.  At  1450°  C 
(D  =  3.79)  we  find  a  slight  increase  in  grain  size 
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Figure  4.  Crystalline  zones 
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Figure  5.  Curves  of  d  —  f  (temperature)  for  different 
sintering    times 

at  the  edges.  Finally,  at  1500,  1550,  and  1600°C  each 
sintered  tablet  exhibits  three  crystalline  zones  (Fig. 
4): 

1.  The  first,  Zone  ,-1,  in  contact  with  the  graphite, 
consists  of  microcrystals.  This  zone  extends  to  a 
thickness  of  0.2  to  0.3  mm. 

2.  Zone  #,  on  the  other  hand,  consists  of  large 
crystals  in  the  shape  of  lamellae  parallel  to  the  face 
under  pressure.  When  the  temperature  rises  from 
1500  to  1600°C,  the  mean  of  the  major  dimension 
of  these  lamellae  rises  from  50  /A  to  over  200  /A.  Un- 
der the  same  conditions  the  thickness  of  this  zone 
increases  from  0.4  to  0.7  mm. 

3.  Lastly,  Zone  C\  comprising  the  interior  of  the 
tablet,  is  an  aggregate  of  crystals  ranging  from  50  ft 
to  100  p,  in  size  for  the  sintering  temperatures  of 
1500  to  1600°C,  respectively.  Microscopic  examina- 
tion does  not  disclose  any  marked  orientation. 

We  also  investigated  the  effect  of  temperature 
upon  the  final  density  for  sintering  periods  of  15 
and  60  minutes.  Our  results  are  plotted  in  the  curves 
of  Fig.  5.  The  general  course  of  the  phenomenon 
remains  the  same.  At  a  given  temperature,  we  find 
that  prolonging  the  time  that  pressure  is  applied  in- 
creases the  density.  Prolonging  the  time  of  pressure 
application  has  less  and  less  effect  upon  the  density, 
however,  as  the  temperature  of  the  experiment  is 
raised. 


Above  1500°C  the  tablet  becomes  entirely  gray. 
This  is  particularly  marked  in  Zone  B  and  may  be 
due  to  slight  contamination  by  the  graphite. 

Influence  of  Sintering  Time 

Our  results  arc  shown  in  the  family  of  isothermal 
curves  in  Fig.  6.  It  does  not  seem  feasible  to  attain 
the  theoretical  density  at  low  temperatures.  More- 
over, sintering  must  be  done  at  1550°C,  at  least,  to 
achieve  a  density  in  the  neighborhood  of  3.96. 

Influence  of  Sintering  Pressure 

Our  results  are  given  by  the  points  plotted  in 
Fig.  7.  These  experiments  were  rim  at  pressures 
ranging  from  100  to  300  kg/cm2  and  at  a  tempera- 
ture of  1400°C  for  15  minutes.  The  density  is  al- 
most a  straight-line  function  of  the  pressure.  Micro- 
scopic examination  of  thin  sections  cut  from  the 


Density 


3.5 


3.0 


15  30  60  mln 

Figure  6.  Curves  of  d  —  f  (time)  for  different  temperatures 


\  Density 


3.5 


3.0 


«d    0.96- 


Tlme:  15  minutes 
Temperature:  1400    C 


Pressure 


.00  200  300  400 

Figure  7.  Curve  of  d  —  f  (pressure) 


I  Density 


d  s  f  t«mp«ratur«.  p  •  200  kg  /cm* 


P.  Murray 

Tlmt:  30  mln,  p  •  ISO  kg  /cm* 


1200  1900  1400  1500  1600       «r 


SINTERING  OF  BERYLLIUM  OXIDE 


603 


specimens  discloses  orientation  of  the  crystallites  in 
Zone  //  of  the  tablet  after  the  300  kg/cm2  test. 

Comparison  of  Our   Results  with  Those  Obtained 
by  Murray 

It  is  interesting  to  compare  our  results  with  those 
previously  published  by  Murray  and  his  co-workers. - 
In  sonic  of  his  experiments  Murray  employed  an 
alumina  produced  by  calcining  ammonium  alum  and 
aluminum  at  1000°.  Sintering  under  pressure  was 
likewise*  effected  in  a  graphite  mold  under  a  pressure 
of  150  kg/cm2,  applied  for  30  minutes.  No  analysis 
or  particle-size  distribution  is  given,  though  he  prob- 
ably used  a  very  fine  powder  of  high  purity. 

( )ur  results  may  be  compared  by  examining  the 
curves  of  Fig  8.  The  parallelism  of  the  curves  is 
remarkable.  The  temperature  difference  may  be  due 
to  the  use  of  different  pressures,  though  this  factor 
is  not  the  only  one  involved.  As  a  matter  of  fact,  the 
tablets  sintered  by  Murray  were  thicker  (2  cm  in 
diameter  and  1  cm  thick ) ,  which  affects  the  sinter- 
ing results  quite  appreciably  according  to  our  ex- 
perience. 

SINTERING  OF  BERYLLIA  UNDER  PRESSURE  IN  THE 
LABORATORY 

The  experiments  described  above  enabled  us  to 
develop  the  experimental  setup  and  to  mark  out  the 
general  lines  of  sintering  under  pressure  as  applied 
to  a  pure  oxide.  Jlence,  all  we  required  was  a  limited 
number  of  experiments  with  beryllium  oxide,  a  prod- 
uct whose  toxicity  is  well  known,  to  determine  its 
optimum  sintering  conditions.  A  density  of  2.95 
(theoretical  density  is  3.02)  was  obtained  at  1600°C 
and  at  a  pressure  of  200  kg/cm2  maintained  for  30 
minutes.  This  holds  for  tablets  of  the  same  shape  as 
before  and  for  a  pure  beryllium  oxide  produced  by 
calcining  Be(QH)L>.  The  total  impurities  in  this 
oxide  did  not  exceed  0.04%. 

We  have  found  that  it  is  highly  important  to  main- 
tain extremely  accurate  precipitation  and  calcination 
conditions  for  the  Be(OH)2  if  satisfactory  results 
are  to  be  obtained  in  sintering  under  pressure 

FABRICATION 

The  material  and  the  operations  are  similar  to 
those  just  described  on  the  laboratory  scale.  The 
graphite  mold  is  designed  to  produce  a  sintered  prod- 
uct 100  X  100  X  50  mm  in  size.  The  mold  is  heated 
by  induction,  using  a  60-kva  generator.  The  indus- 
trial process  was  developed  in  collaboration  with 
Pechiney  engineers. 

Raw  Material 

We  use  beryllium  oxide  produced  by  calcining 
Be(OH)o.  This  is  done  in  large  silica  crucibles. 

Sintering 

The  powder  is  put  into  the  mold  without  any 
preliminary  compacting.  The  sintering  temperature 
is  reached  in  one  hour  and  a  half.  A  pressure  of  170 
kg/cm2  is  applied  gradually  and  maintained  for  2 
hours.  The  table  on  next  page  combines  the  results  of 
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Figure  10.  Distribution  of  density  along  the  edges  of  the  briquets 

several  typical  sintering  tests.  The  shape  of  the 
sintered  products  makes  temperatures  in  excess  of 
1600°C  necessary  for  procedures  to  be  completed 
within  4  hours. 

Six  samples  were  taken  from  the  briquets  pro- 
duced. Their  location  is  shown  in  the  diagram  of 
Fig.  9.  The  densities  measured  in  these  samples  are 
plotted  in  the  curves  of  Figs.  10  and  1 1  for  each  tem- 
perature. The  sintered  products  obtained,  which  were 
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Exper-       Tempt  ra- 
iments      ture  rise, 
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Sintering 
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Constant 
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Mean 

alent  to  an  absorption  of  thermal  neutrons  lower  than 

hours 

ture,  °C 

kg/cm* 

ture,  hours 

density 

that  due  to  1800  ppm  of  iron  in  the  beryllium  oxide. 

A                I*/* 

1700 
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2.70 

The  briquets  contain  a  small  percentage  of  graph- 

B               l*/2 
Ci  i/ 

1720 

17QA 
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1  CA 
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ite  that  is  always  less  than  1%,  largely  introduced  at 

1/2 

D          \y2 
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the  very  outset  of  the  sintering  process,  when  the 

E          \y2 
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powder  is  packed  into  the  mold  by  the  progressive 

F          \y2 
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2 

2.94 

descent  of  the  piston.  This  low  percentage  of  graph- 

G         \y2 

1760 

170 

2 

2.91 

ite  is  unobjectionable  in  the  proposed  use  of  the 

. 

briquets. 

tend  to  grow  uniform  as  the  temperature  is  raised. 
Microscopic  examination  of  thin  sections  cut  from 
similar  specimens,  taken  from  a  briquet  that  was  sin- 
tered particularly  well  (D  =  2.98)  and  of  homo- 
geneous density,  exhibits  some  heterogeneity  of  crys- 
tallization however.  The  outer  zone  of  the  briquet 
consists  of  crystals  that  are  much  larger  than  those 
in  the  interior. 

Results 

The  primary  objective  of  this  research  has  been 
to  produce  a  few  tons  of  briquets  of  pure  beryllium 
oxide,  100  X  100  X  50  mm  in  size,  accurate  within 
0.1  mm,  and  with  a  density  as  close  to  the  theoretical 
as  possible. 

These  briquets  could  be  turned  out  by  diamond 
grinding  wheels,  starting  with  the  sintered  products 
secured  under  the  conditions  described  above.  Their 
mean  density  exceeded  2.90.  Their  purity  was  equiv- 
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Figure  11.  Distribution  of  density  insicU  a  briquet 


CONCLUSION 

During  the  development  of  this  process  several 
observations  were  made  which  may  be  useful  in  in- 
terpreting the  phenomenon  of  sintering. 

Sintering  under  pressure  evinces  the  influence 
upon  the  compacting  kinetics  of  a  force  that  pro- 
duces the  plastic  flow  of  the  material.  We  see  that 
all  the  residual  porosity  is  sealed  off  when  compact- 
ing is  highly  advanced. 

Mackenzie  and  Shuttleworth,3  as  well  as  other 
authors,4  have  suggested  action  analogous  to  that  of 
surface  tension  as  a  basic  hypothesis  to  interpret  the 
phenomenon  of  sintering.  Murray  followed  a  parallel 
course2  in  pressure  sintering. 

These  interpretations,  however,  make  no  allowance 
for  the  recrystallizations  and  orientations,  important 
though  they  are,  produced  by  the  application  of 
pressure  during  heating.  Schemes  analogous  to  those 
advanced  by  Kingston,  Iliittig,  and  Hausner5  might 
do  so,  perhaps. 

We  believe  that  it  is  necessary,  before  all  else,  to 
clear  up  more  thoroughly  the  relationships  between 
experimental  results  and  sintering  conditions.  We 
have  already  noted  the  influence  of  the  dimensions  of 
the  sintered  product  upon  the  results  obtained.  More- 
over, our  experiments  in  industrial  fabrication  in- 
dicate the  consequences,  important  at  times,  of  a 
slight  deviation  in  particle-size  distribution  or  chemi- 
cal composition. 

It  is  not  impossible  that  appreciable  discrepancies 
may  appear  between  experimental  observations  that 
are  analogous  in  principle,  due  to  the  absence  or  the 
presence  of  traces  of  impurities. 

Therefore,  we  regard  the  foregoing  results,  aside 
from  their  practical  application,  merely  as  general 
indications  of  the  progress  of  sintering  under  pres- 
sure. 

In  our  opinion,  quantitative  comprehension  of  this 
phenomenon  would  require  very  extensive  research, 
involving  the  procurement  of  raw  material  as  pure 
and  as  physically  definite  as  possible. 

This  research  on  beryllium  oxide  has  been  done 
within  the  framework  of  atomic  cooperation  between 
India  and  France. 
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Purification  of  Beryllium  Oxide 


By  A.  E.  Cairo  and  M.  B.  Crespi,*  Argentina 


The  purification  of  beryllium  oxide  offers  con- 
siderable interest  from  the  nuclear  standpoint,  in 
view  of  its  potentialities  in  the  atomic  field.1 

The  laboratory  methods  in  use-  customarily  rest 
on  the  basic  beryllium  acetate  solubility  in  organic 
solvents,  particularly  chloroform,  in  which  its  solu- 
bility is  33%  at  18°C.3  The  specificity  of  beryllium 
regarding  the  formation  of  this  compound  makes  it 
possible  to  achieve  a  high  degree  of  purification. 

In  its  most  usual  form,  the  method  consists  of 
transforming  basic  hydroxide  or  carbonate  of  beryl- 
lium into  basic  acetates  by  repeated  evaporation  with 
acetic  acid,  and  thereafter  to  dissolve  this  compound 
in  chloroform.  The  basic  acetate  is  recovered  by 
evaporation  of  the  solvent,  which  thereafter  gives  the 
purified  oxide  by  a  new  transformation  in  which  it 
is  still  more  highly  purified.4-  :> 

The  method  mentioned  presents  various  draw- 
backs. In  the  first  place,  in  order  for  the  transforma- 
tion into  basic  acetate  to  be  complete,  it  is  necessary 
to  carry  out  at  least  two  evaporations  with  acetic 
acid,  and,  in  these  evaporations,  the  temperature 
must  be  controlled  carefully  in  order  to  rule  out 
volatilization  of  a  part  of  the  basic  acetate.  According 
to  Kleinberg  and  his  group,-  330°  C  must  not  be 
exceeded,  which  is  the  accepted  boiling  point  for  the 
basic  acetate0-7  while,  according  to  Besson  and 
Hardt,"  volatilization  already  begins  at  230°C\  \Vc- 
found,  none  the  less,  by  using  radioactive  beryllium, 
that,  by  heating  in  an  open  vessel  at  150  to  17()°C, 
the  vapors  already  show  radioactivity  and  give  a 
positive  reaction  for  beryllium  with  quinalizarine 
when  condensed.  In  view  of  the  high  toxicity  of  be- 
ryllium, the  tolerance  dose  of  which  is  1  microgram 
per  cubic  meter,**  it  is  important  to  allow  for  this 
fact.  On  the  other  hand,  the  degree  of  purification 
is  poor  with  respect  to  some  elements.  Zinc  also 
gives  a  basic  acetate,  which  is  soluble  in  chloroform,9 
and  a  similar  salt  has  been  described  for  zirconium.10 

For  these  reasons,  we  thought  that  it  would  In- 
appropriate to  carry  out  purification  in  the  liquid 
phase,  and  the  preliminary  work  was  directed  at  the 
production  of  a  basic  acetate  in  a  phase  made  up  of 
acetic  acid  and  chloroform,  after  which  the  impurities 
would  be  extracted  with  water.  Beryllium  also  is 
extracted,  and  hydrolizes  according  to  the  formula  : 


(AcO)0Be40 


(AcO)2Be4O3  +  4AcOH 


However,  the  hydrolysis  is  slow.11  The  method  was 

Original  language:  Spanish. 

*Comision  Nacional  de  la  Energia  Atomica,  Argentina. 


preceded  by  that  described  in  rcf.  12.  Thereafter, 
acetic  anh\dridi»  was  used  instead  of  the  acid,  in  order 
to  obtain  more  concentrated  solutions,  a  substance  the 
use  of  which  for  the  formation  of  basic  acetates  has 
been  recommended  by  Spaeth111  and  used  by  Guinet11 
and  Kawccki.14 

As  a  starting  point  for  the  purification  tests,  basic 
beryllium  carbonate  was  chosen,  since  it  is  a  sub- 
stance which  is  more  readily  precipitated  and  filtered 
than  the  hydroxide.  The  basic  carbonate  is  not  a 
well  defined  chemical  species,  rather  a  mixture  of 
carbonate,  hydroxide,  and  water,1-"'* 1(t  and  its  formula 
depends  on  the  precipitation  conditions  (concentra- 
tion of  the  salts  used,  temperature,  etc. )  ,17  which 
must  first  be  tested  out. 

Once  a  satisfactory  method  has  been  established 
from  the  standpoint  of  the  beryllium  yield,  a  sluch 
was  initiated,  using  radioisotopes,  of  the  degree  of 
purification  which  can  be  achieved  with  it.  This  work 
continues. 

EXPERIMENTAL  PART 

Definition  of  the  Method 

In  view  of  the  variability  of  its  formula,  various 
conditions  were  tested  for  the  precipitation  of  the 
basic  carbonate.  On  the  basis  of  the  results  obtained 
in  dissolving  experiments  with  the  various  precipi- 
tates, the  following  method  finally  was  adopted :  The 
beryllium  solution,  containing  3— !•/<?>  of  beryllium 
sulfate,  is  brought  up  to  12-13%  in  ammonium 
carbonate  and  heated  with  agitation,  until  it  is 
brought  to  a  slow  boil.  The  precipitate  formed  dis- 
appears when  stirred,  and  thereafter  precipitates  a 
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Table  I.     Per  Cent  Activity  in  the  Organic  Phase 

as  a  Function  of  the  Stirring  Time* 
System:  220  mg  of  wet  basic  carbonate  +  1.01  ml  of  Ac2O  -f-  9.7 

ml  CHCla;  extracted  with  9.3  ml  of  water. 

Starting    concentration    of    beryllium    in    the    organic    phase:    2% 
expressed   as   basic  acetate. 


time 

Activity 

0 

100 

15  sec 

98 

5  min 

%.5 

10 

95.5 

15 

93.5 

25 

91.0 

40      • 

80.5 

64 

80.0 

124 

08.0 

*•  Average  of  three  experiments. 

compound  which  readily  forms  a  sediment.  This  is 
filtered  and  compressed  to  approximately  2  atmos- 
pheres, in  order  to  eliminate  the  major  part  of  the 
mother  liquor*.  The  formula,  after  washing  and  dry- 
ing at  constant  weight  on  sulfuric  acid,  corresponds 
to  approximately  40%  BeO,  15%  CO2  and  45% 
HoO,  and  conforms  with  a  similar  precipitate  de- 
scribed in.17  No  appreciable  differences  were  ob- 
served in  composition  or  behavior,  between  those 
obtained  at  various  times. 

In  the  experiments,  the  basic  carbonate  was  used 
without  drying,  after  pressing.  This  left  some  40% 
of  mother  liquors. 

In  the  cases  in  which  Be7  was  used  as  a  radio- 
active tracer,  it  was  added  in  a  soluble  form  to  the 
starting  solution  of  beryllium,  and  precipitated  by 
the  same  technique,  in  the  form  of  basic  carbonate, 
tagged  by  Be7. 

The  basic  carbonate  so  obtained  was  dissolved,  and 
heated  under  reflux  in  a  mixture  of  chloroform  and 
acetic  anhydride.  The  quantity  of  acetic  anhydride 
was  computed  in  each  case,  in  agreement  with  the 
analysis  of  the  wet  product,  in  order  that  the  reac- 
tion : 

n  I '(  )n  m  Be( )  •  .v  H  2O  +    [(%;;/  +  .r  ]  Ac2O 

-*  »iC:O2  +  m/4(  AcO)«Be4O  +  ZrAcOH 

take  place  stoichiometrically. 

The  system  obtained  in  those  conditions  is  homo- 
geneous at  room  temperature  (18-20°C)  for  con- 
centrations of  some  2-3%  measured  in  basic  beryl- 
lium acetate.  At  the  higher  concentrations  ( work  was 
carried  out  to  concentrations  of  up  to  W%  of  basic 
acetate),  the  compound  becomes  turbid,  but  the 
turbidity  disappears  when  working  at  30  to  35°C, 
which  offers  no  difficulty. 

The  organic  solution  was  extracted  with  water, 
and  the  phases  were  separated  following  a  short 
period  of  agitation.  The  major  part  of  the  beryllium 
remained  in  the  organic  phase  and  the  impurities, 
with  the  excess  of  acetic  acid,  in  the  aqueous  phase. 

The  beryllium  yield  of  the  operation  depends  on 
the  agitation  time.  In  order  to  study  it,  experiments 


Table  II.     Per  Cent  Activity  in  the  Organic  Phase 
as  a  Function  of  the  Stirring  Time* 

System  A:  700  mg  of  wet  basic  carbonate  -j-  3.17  gm  acetic 
anhydride  -f  3.5  ml  chloroform;  extracted  with  14  ml  of  water. 
System  B:  682  mg  of  basic  acetate  -f-  3.12  gm  acetic  acid 

+  3.5  ml  chloroform;  extracted  with  14  ml  of  water. 

Initial  concentration   of  beryllium   in   trie  organic  phase,  in   both 

instances:   10%(  expressed  as  basic  acetate. 

Activity  of  system 


Time 

A 

B 

0 

100 

100 

15  sec 

97.0 

99.0 

2  min 

91.0 

95.5 

5 

84.0 

89.5 

10 

70.0 

79.0 

!'  Average  of  three  experiments. 

were  carried  out,  using  basic  beryllium  carbonate 
tagged  with  Be7,  and  measuring  the  gamma  activity 
of  both  phases,  after  they  had  been  separated,  as  a 
function  of  the  agitation  or  stirring  time.  Table  I 
is  the  result  for  a  starting  beryllium  concentration, 
in  the  organic  phase,  of  approximately  2%  in  basic 
acetate;  Table  11  for  \0%  of  the  same  substance.  In 
the  case  of  Table  II,  the  organic  phase  retained  after 
stirring,  a  concentration  of  179^  of  basic  acetate. 

On  the  same  Table  11,  we  show  the  results  ob- 
tained with  Be7  tagged  basic  beryllium  acetate  puri- 
fied by  two  crystalizations  in  acetic  acid.  To  the 
chloroform  solution  of  the  latter,  we  added  acetic 
acid  in  such  a  dose  that  the  system  so  formed  (/?) 
would  remain  identical  to  that  obtained  with  the 
method  studied  (.-/)  if  basic  acetate  had  been  formed 
in  it  with  the  whole  of  the  beryllium.  The  results, 
for  both  systems,  can  also  be  seen  on  Fig.  1. 

Radioactivity  measurements  were  carried  out,  in 
every  instance,  with  a  statistical  error  of  the  order  of 
0.5^,  giving  an  error  limit  of  1%  for  the  values 
shoun  on  Tables  I  and  11. 

Yield  or  Efficiency  of  Evaporation  Method 

A  measurement  of  the  efficiency  of  the  conven- 
tional method  was  made,  using  beryllium  carbonate 
which  had  been  tagged  with  Be7,  and  evaporating 
twice  with  acetic  acid.  In  the  screening  experiments, 
it  was  shown  that  the  temperature  must  not  exceed 
150  to  170°C.  At  this  temperature,  there  begins  to 
be  some  activity  in  the  vapors. 

We  worked  with  a  total  activity  of  3887  ±  38  cpm 
and  recovered,  by  evaporation  of  the  solution, 
3770  ±  33  cpm.  Thus,  the  efficiency  of  the  operation 
is  3770/3887  -  97  dt  2%  in  beryllium  recovered. 

Table  III.     Separation  Factor  Obtained 


Impurity 

Activity  of 
aqueous  phase 

Activity  of 
organic  phase 

Purification 

«»Zn 

4422  ±  31 

7±2 

650 

204T13 

1725  ±  16 

13  ±2 

134 

51Q-3 

4942  ±  40 

45  ±4 

124 

141CC3 

4990  ±35 

52  ±4 

116 

608 


VOL.  VIII         P/1015         ARGENTINA         A.  E.  CAIRO  and  M.  B.  CRESPI 


Elimination  of  Impurities 

Various  radioactive  isotopes  were  added  to  the 
organic  phase  in  a  soluble  form,  and  their  distribu- 
tion, in  both  phases,  was  determined  after  15  sec- 
onds of  stirring. 

The  experiments  conducted  until  now  are  con- 
densed in  Table  III.  In  that  table,  purification  is  ex- 
pressed as  follows : 

activity  of  aqueous  phase  +  activity  of  organic  phase 
activity  of  organic  phase 

CONCLUSIONS 

The  results  obtained  until  now  indicate  that  the 
percentage  of  beryllium  which  remains  in  the  or- 
ganic phase  is  sufficient  for  the  purposes  pursued, 
both  in  the  2%  solution  and  in  the  10%  solution, 
provided  the  stirring  or  agitation  time  be  not  unduly 
long.  In  Tables  I  and  II  and  curve  A  of  Fig.  1,  it 
can  be  seen  that  it  is  possible  to  extract  the  2-3% 
solution  for  10  minutes,  and  the  10%  solution  for 
1  minute  without  having  the  efficiency  drop  under 
95%.  This  time  is  sufficient  to  reduce  the  initial 
content  of  the  impurities  dealt  with  to  less  than  1%, 
until  the  present  time,  shown  on  Table  III. 

Figure  1  also  suggests  that,  when  dissolving,  not 
all  the  Be  is  transformed  into  basic  acetate  having 
formula  (AcO)eBe4O.  The  curve  obtained  by 
extracting  this  substance  (curve  B)  goes  down 
steadily  from  the  100%  point:  that  which  corres- 
ponds to  the  method  under  study,  on  the  other  hand, 
has  a  sudden  jump  to  97%,  and  thereafter  continues 
like  the  other  one,  although  it  has  a  somewhat 
sharper  slope.  This  behavior  would  have  to  be  ex- 
pected if  the  formation  of  basic  acetate  were  in- 
complete, leaving  3%  of  the  Be  in  a  form  rapidly 
extractable  with  water.  A  possibility  is  the  formation 
of  (AcO)2Be4O8,  mentioned  in  reference  11. 

We  consider  it  worthwhile  to  publish  these  first  re- 
sults, although  the  applicability  of  the  method  will  be 
determined  only  when  they  would  have  been  comple- 


mented, for  other  possible  impurities,  by  a  study  of 
the  degree  of  purification  which  can  be  reached  in 
such  cases. 
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Production  of  Pure  Beryllium  Oxide 

By  J.  C.  Mutter  and  L.  Pingard,*  France 


Most  of  the  industrial  processes  used  today  for 
treating  beryllium  ores  with  a  view  to  obtaining 
either  alloys  or  the  pure  metal,  which  are  the  princi- 
pal uses  of  this  substance,  use  beryllium  oxide  as  an 
intermediate.  Beryllium  oxide  itself  has  some  appli- 
cations as  a  refractory  and  is  used  as  raw  material 
for  the  production  of  various  beryllium  compounds. 

Beryllium  oxide  has  been  manufactured  industri- 
ally for  a  long  time.  In  France  the  Pechiney  Com- 
pany, which  has  been  producing  it  together  with 
other  beryllium  derivatives  since  1933,  was  asked  by 
the  Commissariat  a  Tenergie  Atomique  to  investigate 
and  perfect  industrial  manufacture  of  the  pure  oxide, 
containing  more  than  99.95%  of  BeO,  for  nuclear 
applications.  Thanks  to  the  experience  it  had  in  this 
field,  it  was  able  to  satisfy  the  Commissariat's  re- 
quest, enabling  it  to  realize  is  program  for  the  use  of 
sintered  beryllium  on  schedule. 

Although  the  manufacture  of  beryllium  oxide 
does  not  present  very  great  difficulties  when  the 
problem  involves  obtaining  a  product  of  commercial 
purity  the  problems  are  much  more  complicated 
when  very  high  purity  is  required.  Not  only  must 
a  correct  process  be  used,  but  it  must  be  conducted 
under  such  conditions  that  all  the  operations  are 
protected  from  any  possible  contamination. 

In  the  present  case  it  was  essential  that  the  total 
impurities  content,  after  sintering  in  brick  form, 
should  be  below  500  ppm,  and  some  of  these  im- 
purities should  be  present  in  amounts  less  than 
0.5  ppm,  such  as  boron,  cadmium,  lithium,  etc. 

The  first  problem  was  therefore  to  perfect  analy- 
tical methods  making  it  possible  to  follow  up  the 
operations  and  evaluate  the  effectiveness  of  the  pro- 
posed treatments.  Then,  after  studying  the  various 
processes,  we  had  to  choose  one  that  could  be  car- 
ried out  industrially  in  a  very  short  time  and  with 
materials  that  would  not  introduce  undesirable  con- 
tamination. Intensive  study  of  the  materials  had  to 
be  made,  therefore.  Erection  of  the  plant  was  fur- 
ther complicated  by  the  precautions  required  because 
of  the  toxic  nature  of  beryllium  compounds. 

VARIOUS  PREPARATIONS  OF  BERYLLIUM  OXIDE 
Raw  Materials 

Although  beryllium-containing  minerals  are  largely 
distributed  in  nature  (0.001%  of  the  earth's  crust), 
they  are  usually  present  in  relatively  small  masses, 
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and  as  a  rule  their  production  is  subsidiary  to  the 
extraction  of  more  important  minerals  with  which 
they  are  associated  (feldspar,  asbestos,  mica,  etc.) 

In  actual  industrial  practice,  the  only  mineral  to 
be  treated  is  beryl,  with  the  formula  6SiO2  •  Al2Os  • 
3  BeO,  whose  commercial  composition  varies  as  fol- 
lows: BeO  11  to  13%;  A12O3  17  to  19%;  SiO2  64 
to  70%  ;  alkaline  oxides  1  to  2%  ;  and  iron  and  other 
oxides  1  to  2%. 

The  most  important  deposits  of  this  ore  are  in 
India,  South  America,  (especially  in  Brazil),  Mada- 
gascar, Morocco  and  Portugal. 

The  other  minerals  containing  beryllium  are  much 
rarer :  three  of  them  might  possibly  be  considered  as 
sources  of  beryllium:  chrysoberyl  (A^Og'BeO)- 
phenacite  (SiO2,  2 BeO)  and  helvite  (a  complex 
silicate). 

The  annual  world  production  of  beryl  is  certainly 
not  more  than  ten  thousand  tons. 

Beryl  has  a  hardness  of  7.5  to  8  (Mohs  scale), 
and  a  density  of  2.6  to  2.8 :  when  crushed,  it's  appar- 
ent density  varies  according  to  the  degree  of  crush- 
ing, from  1.5  to  2. 

Review  of  Industrial  Treatment  Processes 

We  shall  only  give  a  rapid  sketch  of  the  industrial 
processes  using  beryl  as  a  raw  material.  Most  of 
these  processes  stem  from  Lebeau's  work  on  the 
chemistry  of  beryllium.1 

Preliminary    Alkaline    Digestion,    followed    by 
Dissolution  by  means  of  an  Acid 

In  this  process,  the  beryl  is  prepared  for  reaction 
by  preliminary  fusion  or  sintering  with  a  caustic 
alkali  or  an  alkaline  carbonate  or  lime.  The  reaction 
product  is  then  taken  up  by  an  acid,  usually  sulfuric 
acid,  rendering  the  silica  insoluble. 

The  alumina  is  eliminated  in  the  form  of  ammon- 
ium alum,  and  the  iron  and  the  remaining  impurities 
are  eliminated  by  precipitation  at  controlled  pH, 
after  oxidation  by  means  of  an  alkali  or  calcium 
carbonate.  Finally,  the  beryllium  hydroxide  is  pre- 
cipitated by  soda  or  ammonia. 

Among  these  processes  the  following  may  be 
mentioned : 

1.  The  Degussa  process,2  also  used  by  the  Beryl- 
lium Corporation ;  in  this  process,  in  which  the 
beryl  is  melted  with  lime  before  the  sulfuric  acid 
digestion;  the  solutions  are  purified  as  above,  the 
ammonia  used  in  the  final  precipitation  being  re- 
covered by  causticization  with  lime. 
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2.  The  Joy-Windecker  process,3*4  which  employs 
preliminary  fusion  with  sodium  carbonate,  followed 
by  sulfuric  acid  digestion  and  purification  by  means 
of  sodium  carbonate.  The  impure  beryllium  hydrox- 
ide  precipitated    is    redissolved    and    reprecipitated 
after  purification  by  adjusting  the  pH  to  5.5-5.7 
with  ammonia;  the  final  precipitation  is  also  made 
with   ammonia. 

3.  The  St.  Gotaiin  process/1  in  which  the  beryl 
is   sintered  with   sodium   carbonate   between   <XX)- 
1000°,  and  the  frit  treated  with  strong  acids;  the 
dissolved  oxides  are  then  reprecipitated  with  sodium 
carbonate  and  redissolved  with  molten  caustic  soda, 
which  leaves  the  beryllium,  iron  and  titanium  oxides 
insoluble. 

After  these  insoluble  products  are  redissolved, 
the  solution  obtained  is  purified  under  controlled 
pH,  using  the  zinc  ferrocyanide  process,  especially 
for  elimination  of  the  iron.  The  beryllium  hydroxide 
is  then  precipitated. 

4.  The  McKee  process,5  in  which  the  beryl  is  re- 
acted with  soda  in  an  autoclave  at   180°,  or  with 
molten  soda,  being  converted  into  a  silicoaluminate 
and  a  silicoberyllate.  The  bm  Ilium  is  then  brought 
into  solution  by  means  of  sodium  bicarbonate. 

Acid  Digestion  after  Preliminary  Fusion  of  the  Beryl 

Sawyer-Kjellgren  process,7'8  used  by  the  ttrush 
Beryllium  Co.,  consisting  of  making  the  beryl  sus- 
ceptible to  reaction  by  melting  it  at  1625°  and 
plunging  it  in  cold  water.  After  crushing,  it  is  re- 
acted with  concentrated  sulfuric  acid,  so  as  to  in- 
solubilize  the  silica.  The  aluminum  is  eliminated  as 
ammonium  alum,  after  which  crude  beryllium  sulfate 
is  crystallized,  and  then  purified  by  rcdissolutiou  in 
an  ammonium  sulfate  solution.  The  beryllium  sul- 
fate obtained  is  calcined  at  1300°  in  order  to  obtain 
pure  beryllium  oxide. 

Reaction  with   Fluorine  Compounds 

Beryl  is  attacked  between  700  and  1000°  by  fluor- 
ine compounds:  sodium  acid  fluoride,  ammonium 
acid  fluoride,  sodium  fluosilicate  or  sodium  fluofer- 
rate  forming  sodium  fluoberyllate,  which  is  soluble 
in  water,  whereas  the  other  impurities  of  the  min- 
eral remain  insoluble. 

These  procedures  include: 

1.  The  Copaux-Kawecki  process,0*10  used  by  the 
Beryllium  Corporation,  employs  sodium  fluoferrate, 
which  can  be  regenerated  from  the  sodium  fluoride 
solutions  obtained  after  precipitation  of  the  beryllium 
hydroxide.  The  Beryllium  Corporation  has  likewise 
proposed  attacking  the  beryl  with  a  mixture  of  sod- 
ium fluosilicate  and  sodium  fluoride. 

Attacking  the  beryl  with  sodium  fluosilicate  alone 
was  first  proposed  by  Copaux11  and  then  by  lllig, 
Ilosenfeld,  and  Fischer,12  who  reduced  the  amount 
of  fluosillicate  employed,  while  performing  the  reac- 
tion by  sintering  rather  than  by  fusion.  A  process 
similar  to  this  last  one  has  been  used  by  the  Pechiney 
Company  at  Salindres  since  1933. 


It  has  likewise  been  proposed  to  prepare  the  fluor- 
ide, BeF2,  by  reacting  gaseous  ammonium  acid  fluor- 
ide at  600°  with  pulverized  beryl.  This  makes  it 
possible  to  attack  solely  the  BcO,  and  then  return 
to  the  beryllium  oxide  by  hydrolysis  of  the  fluoride 
by  superheated  steam  at  500°. 

Reaction  with  Chlorine 

In  addition  to  these  general  processes,  an  en- 
deavor has  been  made  to  perfect  a  method  that  would 
process  the  mineral  directly  into  the  chloride  by  a 
high-temperature  reaction  of  chlorine  with  a  pre- 
viously sintered  mixture  of  beryl  and  coal. 

More  recently,  the  Sheer-Kroman  process13  devel- 
oped by  the  Light  Metals  Refining  Corp.,  produces 
beryllium  chloride  directly  by  passing  chlorine  into 
an  arc  furnace  whose  electrodes  are  made  of  finely 
ground  beryl,  mixed  with  $0%  of  pulverized  coal 
and  agglomerated  with  a  suitable  blinder.  The  chlo- 
rides obtained  are  then  separated. 

METHOD   OF    PURIFYING   THE    HYDROXIDE 

All  the  processes  described  above  give  a  product 
that  is  not  pure  enough  for  atomic  use. 

However,  the  processes  involving  a  fluorine  reac- 
tion have  the  advantage  of  yielding  oxides  from 
which  the  impurities  are  easily  eliminated ;  this  is 
why  we  have  retained  this  procedure  and  investigated 
the  purification  of  a  beryllium  hydroxide  that  it 
yields. 

There  were  various  avenues  of  approach  to  this 
problem : 

Distillation    of   Beryllium   Chloride 

This  method  is  based  on  the  differences  in  the  con- 
densation temperatures  of  the  volatile  chlorides.  Tt 
is  apparently  simple,  but  very  delicate  to  conduct  on 
an  industrial  scale,  largely  because  of  the  contamina- 
tions introduced  by  the  materials  used  in  construct- 
ing the  apparatus  and,  again,  because  of  the  toxicity 
of  beryllium  compounds. 

Sublimation  or  Extraction  of  Beryllium  Basic  Acetate 
by  Chloroform 

The  action  of  acetic  acid  on  beryllium  hydrox- 
ide, nitrate,  or  chloride  yields  beryllium  basic  ace- 
tate,14-"-16  with  the  formula:  [Be(CHaCOa)a]3BeO. 
This  melts  at  238° C  and  boils  at  330° C  at  atmos- 
pheric pressure.  /;/  vacito,  it  begins  to  sublime  at 
95°C.17 

It  is  soluble  in  chloroform  to  the  extent  of  33.3  gm 
of  acetate  per  100  gm  of  chloroform.  Evaporation 
of  the  solution  leaves  crystals  of  beryllium  basic 
acetate. 

Thanks  to  these  properties,  beryllium  can  be  sep- 
arated from  most  elements,  either  by  distillation  or 
sublimation  of  the  basic  acetate,  or  by  chloroform 
extraction.  Our  experiments  have  shown  that  only 
zinc  acetate  sublimed  with  beryllium  basic  acetate, 
and  that  only  iron  acetate  is  extracted  by  chloroform 
to  any  considerable  extent.  Manganic  acetate,  which 


PRODUCTION  OF  PURE  BERYLLIUM  OXIDE 


611 


is  soluble  in  chloroform,   is  easily  decomposed  by 
reduction  in  solution  or  by  calcination  at  200°. 

Accordingly,  distillation  and  chloroform  extrac- 
tion of  beryllium  basic  acetate  are  powerful  meth- 
ods for  purifying  beryllium  compounds.  However, 
industrial  operation  is  complicated  by  the  same  fac- 
tors as  in  distillation  of  the  chloride.  Further,  it  is 
not  easy  to  convert  the  basic  acetate  into  the  oxide. 
We  therefore  abandoned  industrial  application  of 
this  process,  but  still  employ  it  in  the  laboratory  for 
the  preparation  of  standards  (total  content  in  im- 
purities below  50  ppm), 

Crystallization  of  Beryllium  Salts 

A  standard  purification  method  is  crystallization. 
Tn  the  case  of  beryllium,  this  method  is  particularly 
applicable  because  of  the  great  differences  between 
hot  and  cold,  neutral  and  acid,  media,  in  the  solubility 
of  certain  salts,  such  as  the  nitrate  and  the  sulfate. 

For  the  nitrate,  lje(NO3)2  the  solubility,  which 
is  (A%  at  60°C  drops  to  52%  at  20°C^  and  to  29% 
at  20°  C  in  the  presence  of  50%  of  IINOa.lw 

For  the  sulfate,  BeSO4  at  100°C,  the  solubility, 
which  is  457*  falls  to  29%  at  25°C,  M%  at  25 °C 
in  the  presence  of  23%  of  H2SO4,  and  0.9%  at 
25°C  in  the  presence  of  66%  of  HoSO4.-° 

Precipitation  of  a  nitrate  with  3  and  4  molecules 
of  water,  and  of  the  sulphate  with  4  molecules  of 
water,  increases  the  crystallization  yield  by  decreas- 
ing the  mother  liquors. 

Crystallization  of  the  nitrate,  which  should  be  con- 
ducted in  a  medium  rich  in  nitric  acid,  has  the  draw- 
back of  considerable  evolution  of  nitrous  fumes.  We 
therefore  preferred  crystallization  of  the  sulfate, 
which  is  the  solution  we  finally  adopted. 

I»y  itself,  this  crystallization  is  not  enough  to  give 
a  pure  enough  product  with  a  good  yield. 

The  excessive  impurities,  especially  silica,  con- 
tained by  industrial  beryllia,  would  require  a  double 
crystallization  and  the  mother  liquor  would  have  too 
many  impurities  to  be  recycled  without  purification. 

It  was  thus  necessary  to  effect  purification  before 
crystallizing  the  sulfate;  this  is  done  by  making 
the  silica  insoluble  with  sulfuric  acid,  precipitating 
the  sulfide,  and  precipitating  the  ferric  hydroxide 
pH  4.5. 

PROCEDURE  ADOPTED  FOR  PURIFYING 
THE   BERYLLIA 

The  following  operations  are  involved  in  the  prep- 
aration of  pure  beryllia  from  the  industrial  beryllia 
obtained  from  beryl  by  the  fluocilicate  process  : 

Sulfuric  Acid  Treatment 

The  hydrated  technical  beryllia  is  reacted  with 
sulfuric  acid  diluted  with  the  mother  liquor  of  the 
beryllium  sulfate  crystallization.  Tn  a  concentrated 
BeSC>4  medium  (about  400  gm/1),  the  silica  is  ren- 
dered insoluble  by  heating  to  105  °C  in  the  presence 
of  a  few  grams  of  free  acid  per  liter,  and  it  is  not 
necessary  to  evaporate  dry. 


If  the  fluorine  content  of  the  beryllia  is  too  high, 
some  of  the  silica  distils  over  as  fluosilicic  acid,  but 
part  remains  in  solution  in  the  same  state.  This 
causes  no  trouble,  since  the  fluosilicic  acid  will  re- 
main in  solution  when  the  beryllium  sulfate  crys- 
tallizes out.  , 

Dilution  and  Precipitation  of  Sulfides 

The  sulfuric  acid  solution  is  diluted  with  the  wash 
waters  of  the  beryllium  sulfate  and  water,  in  order 
to  bring  the  concentration  to  about  35  gm  of  BeO 
per  liter,  and  is  then  separated  with  hydrogen  sulfide. 

Filtration  of  Silica  and  Sulfides 

The  sulfide  precipitate  coats  the  silica  and  makes 

it  possible  to  decant  and  filter  it. 

\ 

Precipitation  of  Iron 

The  excess  H2S  is  removed  from  the  filtered  solu- 
tion by  bubbling  in  air,  and  the  solution  is  then 
oxidized  by  bubbling  chlorine  through  it.  The  ferric 
hydroxide  is  precipitated  by  bubbling  with  ammonia 
to  pH  4.5.  A  portion  of  the  alumina  precipitates  with 
the  ferric  hydroxide. 

Filtration    of    the    Hydroxides 
Precipitation  of  Beryllium  Hydroxide 
A  beryllium  hydroxide,  of  medium  purity,  is  pre- 
cipitated by  bubbling  ammonia  through  it.  The  pur- 
pose of  this  operation  is  to  eliminate  certain  impuri- 
ties: Ca,  Mg,  Cu,  Na,  etc.,  and  to  enable  us  to  pre- 
pare a  concentrated  solution  of  sulfate  without  eva- 
poration. 

Filtration  of  Beryllium  Hydroxide 

Dissolution  in  Sulfuric  Acid 

The  wet  hydrated  beryllium  hydrate  is  dissolved  in 
the  equivalent  amount  of  98%  acid,  and  the  solu- 
tion is  concentrated  until  its  boiling  point  is  110°. 

Crystallization 

98%  sulfuric  acid  is  added  so  as  to  bring  the  acid 
concentration  to  20  gm/1,  and  it  is  allowed  to  cool 
with  stirring.  Crystals  from  a  prior  operation  are 
added  in  order  to  obtain  regular  crystallization. 

Drying  the  Crystals 

The  mother  liquor  is  recycled  to  react  with  the 
technical  beryllium  hydroxide,  and  the  wash  waters 
are  used  to  dilute  the  sulfuric  acid  solution. 

Dissolution  of   Beryllium   Sulfate  and   Precipitation 
of  Beryllium   Hydroxide 

The  crystals  are  dissolved  in  water,  and  the  solu- 
tion filtered.  The  beryllium  hydroxide  is  precipitated 
by  bubbling  with  ammonia. 

This  beryllium  hydroxide  precipitation,  like  the 
first  one,  should  be  conducted  in  such  conditions 
that"  a  dense  and  filterable  precipitate  is  obtained. 

Special  study  was  required  for  perfecting  this 
precipitation,  for  beryllium  hydroxide  has  an  un- 
fortunate tendency  to  precipitate  as  a  very  absorbent 
gel  that  is  difficult  or  impossible  to  wash. 
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Filtration  of  Beryllium  Hydroxide 
It  is  vacuum  filtered  and  washed  with  water. 

Drying  and  Calcination 

These  operations  preparatory  to  sintering  do  not 
present  any  particular  difficulties,  except  the  pre- 
cautions to  prevent  contamination  on  the  one  hand, 
and  the  dangers  of  leakage,  on  the  other. 

Beryllium  hydroxide,  in  point  of  fact,  is  probably 
the  most  dangerous  compound  from  the  point  of  view 
of  toxicity,  and  the  greatest  care  should  be  taken  in 
handling  it  once  it  is  in  the  dry  state. 

In  particular,  the  beryllium  hydroxide  must  be 
agglomerated  upon  leaving  the  filter,  before  it  under- 
goes the  drying  and  calcination  operations. 

Results 

Starting  with  technical  beryllium  hydroxide  con- 
taining 98%  BeO  and  a  great  number  of  impurities  : 
F,  Na,  Si,  Fe,  Mn,  Al,  etc.,  after  calcination  around 
1000°  C,  this  process  enabled  us  to  obtain  beryllium 
oxide  more  than  99.95%  pure,  containing  less  than 
100  ppm,  of  Fe,  less  than  100  ppm  of  Si,  about  100 
ppm  of  Al  and  less  than  0.3  ppm  of  B. 

INDUSTRIAL  PRODUCTION 

All  the  operations  employed  in  the  process  that 
has  just  been  described  are  simple  and  standard 
procedures  of  the  chemical  industry.  But  whereas  a 
sheet-iron  or  wooden  vat  would  have  been  adequate 
usually,  we  had  to  make  use  of  special  materials  in 
order  to  avoid  any  contamination.  There  is  no  point 
to  carrying  out  a  chemical  purification  process  if  the 
materials  in  which  the  reactions  are  performed  them- 
selves introduce  impurities.  Contents  of  the  order 
of  1  ppm  can  easily  be  introduced  by  the  mere  con- 
tact of  a  solution  with  a  material  containing  the  ele- 
ments in  question. 

We  therefore  made  a  systematic  study  of  the 
materials  that  could  be  employed  for  the  various 
operations:  ebonite  and  rubber,  enamels,  Isolemail, 
plastics,  wood,  etc. 

Qualitative  spectrographic  analysis  of  these  vari- 
ous materials  enabled  us  at  the  outset  to  eliminate 
any  that  contained  appreciable  amounts  of  the  most 
troublesome  elements. 

We  then  determined  those  impurities  in  the  mate- 
rials that  could  pass  into  solution  either  in  a  sulfuric 
acid  or  in  an  ammonia  medium,  under  the  conditions 
of  the  process,  using  spectrographic  examination  of 
dry  extracts  of  solutions  that  had  been  in  contact 
with  them  for  a  long  time.  We  eliminated  those  ma- 
terials that  allowed  too  large  an  amount  of  impuri- 
ties to  pass. 

Finally,  we  studied  the  resistance  of  the  materials 
that  had  given  satisfactory  results  in  the  two  preced- 
ing tests,  under  the  specific  conditions  of  the  vari- 
ous operations. 

As  a  result  of  these  tests,  we  decided  on  the  fol- 
lowing materials:  sulfuric  acid  reaction — lead-lined 
tank  (chemical  lead)  ;  hydroxide  precipitation — ebon- 


ite-lined tank  (special  ebonite  composition) ;  dissolu- 
tion and  crystallization  of  the  sulfate — tank  enameled 
with  a  special  boron-free  enamel,  using  a  steam 
jacket;  and  wooden  filters  coated  with  polyvinyl 
chloride. 

All  the  tubing  is  of  polyvinyl  chloride.  In  order 
to  prevent  contamination  with  dust,  all  the  apparatus 
(filters,  tanks,  etc.)  are  closed. 

All  the  water  used  in  the  laboratory  is  softened  in 
a  three-element  ion  exchanger:  cations;  anions;  Si 
and  B.  After  demineralization,  the  boron  content  is 
of  the  order  of  one  microgram  per  liter,  as  against 
100  in  natural  water  and  10-20  in  distilled  water. 

Because  of  the  toxic  nature  of  beryllium  com- 
pounds, the  fumes,  vapors,  and  dust  are  collected 
from  all  the  apparatus  in  a  cleaning  system.  The 
evacuated  air  is  then  freed  of  dust  by  filtration  and 
washing  before  being  directed  to  the  chimney  stack. 

ANALYTICAL  CONTROL 

Methods  must  be  available  for  determining  traces 
in  order  to  perfect  the  purifying  process  and,  later, 
to  control  manufacture.  At  first  we  made  these  deter- 
minations by  colorimetric  methods.  However,  in  view 
of  the  large  number  of  samples  to  be  analyzed  and 
the  great  number  of  elements  to  be  determined  in 
each  sample,  we  were  led  to  employ  quantitative 
spectrography.  The  fact  is  that  since  most  of  the 
elements  are  more  or  less  troublesome,  we  would 
have  needed  an  entire  analytical  chemistry  laboratory 
specializing  in  trace  determination  to  make  these 
analyses. 

Only  spectrography  could  provide  enough  results 
within  a  reasonable  time.  A  simple  and  rapid  tech- 
nique had  to  be  found,  at  the  expense  of  precision 
if  necessary.  For  a  relative  error  of  20%  is  unim- 
portant when  the  content  is  of  the  order  of  a  few 
parts  per  million. 

Analysis  at  all  the  stages  of  manufacture  was  re- 
duced to  analysis  of  the  oxide,  BeO. 

Since  beryllium  oxide  is  refractory  and  not  a  con- 
ductor, the  only  source  that  could  be  used  was  the 
electric  arc.  We  chose  the  direct-current  arc  fur- 
nished by  a  220-volt  generator.  Although  it  is  pos- 
sible to  obtain  greater  precision  and,  for  certain  ele- 
ments (Al),  greater  sensitivity  by  mixing  the  beryl- 
lium oxide  with  graphite,  barium  oxide  and  an  in- 
ternal standard  (tin  in  the  form  of  SnO2),21  we 
preferred  to  use  beryllium  oxide  itself,  without  any 
addition  in  our  spectram  analysis.  This  gives  a  rela- 
tively stable  arc  and,  if  the  same  operating  con- 
ditions are  always  maintained,  the  reproducibility  is 
satisfactory.  The  sensitivity  is  greater  for  the  most 
deleterious  elements  (B,  Cd,  Li).  This  sensitivity 
could  be  increased  by  employing  a  high  current  ( 10 
amp)  and  by  grooving  the  lower  electrode  below  the 
crater  in  such  a  way  as  to  concentrate  the  heat  there. 
Under  these  conditions,  the  beryllium  oxide  charge 
melts  completely. 

For  the  refractory  elements,  or  those  whose 
oxides  are  refractory  which  are  greatly  influenced 
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by  graphite,  the  content  is  given  by  the  ratio  of  the 
intensities  of  their  lines  to  the  weak  lines  of  be- 
ryllium: .  'i.U 


A13082   Mg2852    Si  2881 
Be3111     Be 2898'  Be 2898 


etc. 


We  have  proved  that  these  ratios  remain  constant 
for  a  given  content,  despite  great  variations  in  the 
absolute  intensities  of  the  lines,  and  it  is  confirmed 
by  the  large  number  of  analyses  already  made  which 
require  spectrography  of  the  same  standards  a  large 
number  of  times. 

For  elements  that  are  easily  volatilized  in  the  arc, 
the  content  is  given  by  the  ratio  of  the  intensity  of 
their  lines  to  that  of  the  continuous  background: 
Cu  3274,  Fe  2599,  B  2497,  Cd  2288,  Li  6701,  etc. 
For  the  spectrum  range  2000-5000A,  we  used  the 
Q24  Zeiss  spectrograph  with  Guilleminot  Spectroguil 
plates,  and  for  the  alkalies,  the  Huet  UV  30  Spec- 
trograph, with  a  spectral  range  extending  up  to 
10,000  A,  with  Gevaert  plates  that  are  sensitive  to 
the  near  infrared. 

The  electrodes  are  Pechiney  (Chedde)  electrodes. 

Under  these  conditions,  the  sensitivity  limits  are 
as  follows:  B  0.3  ppm;  Cd  0.5 ;  Li  1 ;  Na  10;  K  10; 
Cu  1 ;  Mg  1 ;  Mn  1 ;  Fe  5 ;  Si  10;  Al  SO. 

The  observed  deviations  are  of  the  order  of  10% 
at  about  100  ppm  and  30%  for  boron  contents  below 
1  ppm. 

Synthetic  standards  prepared  on  the  basis  of  beryl- 
lium basic  acetate  extracted  with  chloroform  and 
sublimed  were  used  in  calibration. 

CONCLUSION    AND    SUMMARY 

The  intensive  cooperation  of  the  Commissariat  a 
1'Energie  Atomique  and  the  Pechiney  Co.  enabled  the 
latter  to  carry  out  its  program  for  utilizing  beryllium 
oxide. 


Production  on  the  industrial  scale  of  beryllium 
oxide  that  was  sufficiently  pure,  was  made  possible  by 
studying  the  chemical  purification  of  the  technical 
hydroxide,  by  investigating  the  construction  mate- 
rials in  order  to  avoid  the  dangers  of  contamination 
and  by  employing  strict  control,  % using  quantitative 
spectrographic  analysis  at  every  stage  of  manufac- 
ture. 

This  work  was  done  within  the  framework  of 
atomic  collaboration  between  India  and  France. 
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The  Spectrographic  Determination  of  Microquantities  of 
Beryllium  and  Its  Application  to  Measurements  in  the 
Air  and  Organic  Tissue 


By  A.  G.  Taudien,*  Argentina 

A  method  for  the  measurement  of  minute  amounts 
of  beryllium  became  needed  because  of  its  toxicity. 
Several  spectroscopic  methods  have  been  proposed. 
Cholak1  used  the  cathodic  layer  method.  Barnes 
ct  at.?  and  Peterson/'1  used  the  conventional  direct 
current  arc  method;  Smith  ct  a/.,4  a  set  of  rotatory 
electrodes  with  spark.  Owen  ct  a/.3  used  the  spark 
with  porous  graphite  electrodes.  Churchill  and  Gillie- 
son"  have  recently  designed  a  direct-reading  instru- 
ment for  continuous  control  of  the  beryllium  in 
the  air. 

The  need  for  monitoring  air  pollution  in  labora- 
tories where  beryllium  compounds  are  investigated 
led  us  to  a  study  of  the  Spectrographic  measurement 
of  microquantities  of  this  element.  Tn  our  experi- 
ments, we  used  a  copper  spark,  because  of  its  high 
sensitivity  and  reproducibility,  as  well  as  the  ease 
of  the  procedure.  This  paper  describes  our  prelimi- 
nary results. 

A  Model  K  492  of  the  Hilger  high-dispersion 
spectrograph  with  a  quartz  prism  was  used.  The 
exciting  source  was  a  Ililger  condensed  spark,  15,000 
volts;  capacity,  0.005  mf;  inductance,  0.13  mil. 
Photometry  was  done  with  a  Model  A  N°  K15  Kipp 
&  Zonen  recording  microphotometer. 

In  the  Spectrographic  procedure,  we  used  a  wave- 
length range  of  2500-3000  A,  and  an  optical  system 
consisting  of  condensing  lens  of  7r/>  =  65  mm  and  a 
concave  mirror.  The  slit  was  20  microns- 1  If ord  or- 
dinary and  Kodak  SA2  plates.  The  spark  gap  was 
4  mm,  and  exposure  45  seconds.  Kodak  developer 
D-19,  3  minutes  at  20°C.  and  Kodak  fixer  F-5,  10 
minutes  at  20°C  were  employed.  0.1  ml  of  the  solution 
was  deposited  on  two  J.  and  Mathey  "Spec-pure" 
copper  electrodes  5  mm  in  diameter.  Evaporation  was 
done  under  infra-red  lamp  and  the  spectrum  is  pro- 
duced. 

As  a  test  of  sensitivity,  we  used  the  Be  3130.4  and 
3131.1  lines  from  1  my  of  beryllium  in  an  approxi- 
mately decinormal  HC1  solution  (one  part  cone.  HC1 
in  99" parts  H2O)  and  (0.5  my  in  H2SO4  0.001W). 
No  tests  were  made  with  lower  concentrations  than 
these  but  the  density  obtained  (0.21)  on  SA2  Kodak 
plates  indicates  the  possibility  of  revealing  the  pres- 
ence of  0.2  to  0.3  my  of  beryllium  in  the  electrode. 
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The  possibility  of  obtaining  beryllium  in  sulfuric 
solution  by  the  treatment  of  the  sample  led  us  to  a 
study  of  the  effect  of  sulfuric  acidity  on  the  intensity 
of  the  lines.  Spectra  were  obtained  by  using  10  my  Be 
in  several  acid  concentrations.  Table  1  gives  the 
results. 

There  is  a  marked  decrease  in  background  and 
increase  in  the  intensity  of  the  Me  3130.4  line  when 
acidity  is  reduced.  This  may  be  seen  also  on  Fig.  1 . 

Where  densities  of  the  spectral  lines  of  the  solu- 
tions HoS()4,  0.0017V  and  IIC1,  0.1  N  are  compared. 
The  latter  acidity  is  generally  used  with  the  copper 
spark  method. 

The  possibility  of  precipitating  P>e  from  its  solu- 
tions by  using  aluminum  as  a  carrier  to  concentrate 
and  separate  this  Be  from  the  elements  that  may 
interfere,  led  us  to  a  study  of  the  influence  of  alumi- 
num on  the  Spectrographic  determination.  The  re- 
sults obtained,  working  with  10  my  Be  and  variable 
concentrations  of  Al  are  shown  on  Fig.  2. 

It  was  observed  that,  when  Al  is  in  a  100/1  ratio 
to  Be,  the  density  of  the  line  decreases.  In  this  meth- 
od, addition  of  Al  was  not  considered.  However, 
this  may  be  done  if  future  tests  indicate  that  the 
drop  in  sensitivity  is  compensated  by  Be  concentra- 
tion in  a  smaller  volume. 

Concentration  curves  were  drawn  for  solutions :  ( i ) 
from  0.5  my  to  100  my  Be  in  H2SO4  O.OOlAf  (Figs. 
3a  and  3b)  ;  ( ii)  from  1  to  20  my  of  Be  in  HO  0.1  AT 
(Fig.  4). 

Molybdenum,  in  the  form  of  ammonium  molybdate 
solution  was  added  as  internal  standard,  at  the  rate 
of  5  gammas  Mo  per  ml. 

Visual  comparison  with  standard  plates  was  made 
for  concentrations  higher  than  any  of  those  shown 
on  the  curves. 

Air  samples  of  10  nia  volume  were  filtered  through 
paper  by  suitable  means.  In  a  series  of  tests,  the  filter 
paper  was  attacked  by  H2SO4  and  HNO.t  and  the 
destruction  was  completed  with  HC1O4.  The  residue 
was  dissolved  in  0.5  nil  concentrated  HC1  and  Ha(). 

In  another  series  of  tests,  the  filter  paper  and  its 
contents  were  calcinated,  the  ashes  were  treated  with 
H2SO4,  the  excess  was  eliminated  by  heating  and 
the  resulting  salt*  dissolved  with  0,5  ml  cone.  II Cl 
and  H2O. 

In  both  cases,  the  volume  of  the  solution  was  com- 
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Table  I.     Densities* 


Be  3131.4       Background       Cu  3128.7 


H0SO4   0.001  N    sol. 
HC1  0.1  N  sol. 


1.24 
0.96 


0.06 
0.18 


0.25 
1.09 


*  With  20  my  Be  on  the  electrodes. 

pleted  to  50  ml.  The  final  acidity  was  adjusted  with 
OAN  HC1.  To  obtain  the  spectrum,  0.1  ml  of  this 
solution  was  evaporated  on  the  copper  electrode. 

The  results  indicated  that:  (i)  losses  in  He  oc- 
curred in  the  samples  obtained  by  calcination ;  ( ii ) 
Be  contamination  -was  observed  on  the  blank.  Since 
it  was  higher  for  the  sample  obtained  by  sulfuric 
treatment,  it  must  have  originated  in  the  glassware 
and  not  in  the  copper  electrode.  The  use  of  new 
glass  material  was  recommended;  and  (iii)  the 
amount  of  Be  found  in  the  air  samples  was  of  a 
magnitude  of  0.2  gammas  per  1  m3. 


Effect   of  the   HoSO,    concentration 


0  8- 
0.7- 
0.6 
0  ft- 
0  4. 
0  3 
0  2 
0  I 


on   the   density   of  the   Be    3130.4  line 


lg  C  S04H2 


0  00)  0  01  01  i  s 

Figure  1.  Effect  of  the  H-SCX  concentration  on  the 
density  of  the  Be  3130.4   line 
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Effect  of  the  Al  concentration 
on   density   of  the   Be  31 30.4  line 
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Figure  2.  Effect  of  the  Al  concentration  on  the  density 
of  the  Be  3130.4  line,   10  01766 
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Figure  3b 
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The  method  was  applied  to  the  study  of  L5e  in  a 
solution  prepared  by  the  processing  of  lung  tissue. 
The  result  was  negative. 

Since  the  solution  contained  appreciable  amounts 
of  Ca,  Mg,  and  Na,  that  may  lower  the  sensitivity, 
a  recovery  test  was  made  adding  Re  to  these  ele- 
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ments  at  the  rate  of  50  my  per  ml  (which  is  equiva- 
lent of  5  my  in  the  electrode)  a  sensitivity  con- 
sidered to  be  sufficient.  Two  my  were  recovered.  This 
was  considered  satisfactory  for  this  problem. 

CONCLUSION 

It  has  been  found  that  spectrographic  determina- 
tion of  beryllium  by  the  copper  spark  method  is 
applicable  to  air  and  to  biological  tissue,  and  that  for 
these  applications  made  it  possible  to  obtain  high 
sensitivity. 
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Enrichment  of  B"  in  B10F3  by  Thermal  Diffusion 

By  Juan  Alejandro  McMillan/  Argentina 


Watson,  Buchanan  and  Elder1  published  an  article 
in  1947,  in  which  they  described  the  successful  en- 
richment of  B10  in  B10F8,  in  a  Clusius  type,  hot 
wire  apparatus  of  standard  size.  In  1952,  Cooke  and 
Mackenzie  published,  in  a  series  on  the  properties 
of  boron  halides,2  abundant  information  on  the  inter- 
actions between  the  molecules  of  BF3.  This  paper 
gives  a  law  on  the  variation  of  viscosity  with  the 
characteristic  temperature  of  a  Sutherlands  molecule, 


i.e.: 


rj^q 

„     ~        T+  <? 

JJO  L       •»    T  -J        J 


(i) 


giving  also,  for  the  constant,  the  value  S  =  194.6°^ 
which  applies  to  the  temperature  intervals 


EXPERIMENTAL  METHODS  AND   RESULTS 

Since  our  purpose  was  the  production  of  substan- 
cial  qualities  of  BF3  very  enriched  in  B10,  we  availed 
ourselves  of  Cooke  and  Mackenzie's  results  and  de- 
cided to  work  with  a  temperature  differential  between 
the  walls  greater  than  the  known  applicability  range 
of  constant  S.  We  assumed,  other  data  being  unavail- 
able, that  formula  (I)  would  continue  to  be  applica- 
ble, with  the  same  value  of  S,  even  for  a  293°K- 
673°K  interval  and,  applying  the  Jones8  expression 
of  a  for  Sutherland's  model  with  v  =  7  (quantum 
model  of  the  van  der  Waals  forces), 

_  105      m2-m1        (1  -  0.98)  (S/T) 


118 


0.92)(SyT) 


t*C 

-83 
115 
309 
503 


we  obtained  the  following  values 

a  X  10* 

0 

2.5 
37 
4.5 

from  which  the  deduction  is  warranted  that  at  —  83°C 
there  is  no  separation  while,  at  a  lower  temperature, 
the  heavier  molecules  are  concentrated  on  the  hot 
zone.  In  the  available  work  zone,  however,  the 
B10Fa  molecule  should  concentrate  on  the  hot  wall 
and  the  effect  should  be  all  the  greater  as  the  tem- 
perature differential  increases,  always  within  the 
hypothesis  of  the  validity  of  Equation  1. 

Once    the    temperature    interval    293-673  °K    is 
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taken,  giving  T  =  483°K  for  the  mean  temperature, 
the  following  mean  values  of  the  variables  which 
determine  the  behavior  of  the  gas  during  the  thermal 
diffusion  were  obtained  ^=250P;  ~p—l.79  gm/1; 
^=2.9  X  2.9~8  (lineal  approximation). 

According  to  Chapman  and  Cowling,4  the  self 
diffusion  factor  is,  in  this  case,  as  a  first  approxima- 
tion 


and  by  substituting  values  we  obtain 


Using  the  Jones  and  Furry5  nomenclature,  the 
final  table  will  be  : 

a  =  2.9  x  10-s  T  =  673°K 

77  =  2.5  X  10-4  T  =  483°  K 

P  =  1.8  X  lO-8  p  gm-cm-3  T  ^  380°  K 

D  =  0.12  X  cm2  seer*  T/T  =  0.79 

T=293'K  T'*=*2T 

Using  the  Jones  and  Furry  approximation  for  the 
case  of  a  plane,  and  in  order  to  obtain  a  sufficiently 
low  Reynolds  number,  the  separation  between  walls, 
2w  should  be: 


n,4 

(U4cm 


Since  this  value  insures  a  stabilized  motion  with 
a  large  safety  margin,  we  decided  to  use  an  ap- 
proximate value  for  a  hot  wire  column,  producing 
finally  four  thermal  diffusion  columns  of  3  m  each, 
in  series,  with  7  mm  id  tube  and  0.3  mm  nicrom 
wire,  which  gives  an  actual  value  of 

2?e>  =  3.35  mm 

The  columns  were  connected  in  series  with  pairs 
of  tubes  of  the  same  diameter,  one  of  which  was 
kept  at  100°  C  over  the  whole  of  its  length  by  means 
of  an  outside  resistor. 

The  wire  was  kept  under  mechanical  tension  by 
means  of  a  steel  spring  provided  at  the  lower  end, 
which  we  covered  with  mercury  to  avoid  heating 
and  ultimate  destruction.  Separators  were  placed  at 
one  meter  intervals,  made  of  nicrom  wire  coils  of 
the  same  diameter.  The  wires  were  heated  by  direct 
current  from  a  Cu2O  rectifier,  the  temperature  being 
controlled  by  their  degree  of  stretching.  The  installa- 
tion was  completely  made  of  Pyrex  glass  and  a 
mixture  of  equal  parts  of  paraffin,  and  petrolatum 
was  used  for  the  vacuum  valves,  since  it  resists  BF8 
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attack  well.  BF3  from  cylinders  was  used  as  a  raw 
material. 

A  15  day  run  was  made  with  two  equal  con- 
tainers at  each  end,  loading  the  apparatus  initially 
on  BF3  containing  18%  B10,  at  atmospheric  pressure. 

The  B10  content  of  each  container  was  determined 
after  the  run  by  the  absorption  of  slow  neutrons, 
measured  by  the  activation  of  In  foils.  The  1.4  Alv 
Cockroft-Walton  of  this  Commission  was  lused, 
bombarding  lithium  with  deuterons  and  slowing  down 
the  neutrons  released,  to  thermal  speed,  through 
paraffin. 

The  results  obtained  were  :  23  9^  of  I)JO  on  the 
positive  container  and  13/4  B10  in  the  negative,  lead- 
ing to  a  value  of  the  separation  factor  of 

N'  (  I  -  AT) 


A" 


--  AT'  ) 


corresponding  to  a  separation  factor,  per  meter,  of: 
go  =  1.06 

with  a  production  on  the  order  of  about  50  cnr*  of 
gas  per  cm-  of  column  section  per  day. 

Figuring,  always  following  Jones  and  Furrv  ,  the 
</o  theoretical  value  by  the  approximation 


q  =  < 


where 


= 


and  giving  K  a  value  close  to  unity,  as  required  by 
a  wire  eccentricity  in  the  order  of  10~\  the  theore- 
tical value  of  <?o  is 

r  =  1.08 


=  k(Kr  \  -AT,,) 


The  difference  is  readily  explained  and  due  to  the 
fact  that  the  wire  was  excessively  offset  in  one  of 
the  columns. 

At  the  present  time,  having  improved  the  con- 
struction of  our  installation,  we  replaced  convexion 
for  series  coupling,  by  the  use  of  single  capillaries 
according  to  the  Clusins  method,  and  we  are  ex- 
perimenting with  alternating  current. 

After  the  completion  of  this  article,  Cooke,  Hawes 
and  Mackenzie"  published  an  article  describing  their 
measurements  with  columns  made  of  stainless  steel 
concentric  tubes.  These  measurements  check  very 
well  with  the  model  adopted  by  said  authors. 
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The  Preparation  of  Borazol 

By  Gerardo  J.  Videla  and  Mauricio  F.  BCihler,*  Argentina 


The  purpose  of  this  preliminary  paper  is  to  sub- 
mit some  of  the  results  obtained  in  the  course  of 
the  preparation  •  of  borazol  without  any  need  for 
lithium  borohydride. 

This  reagent  has  been  used  either  as  a  source  of 
boron  in  the  method1  based  on  the  reaction  : 

3LiUH4  +  3NH4C1  =  BaN.,H«  I   3LR'l   f-9H2  (1  ) 

or  as  a   reducing  agent   in   the   method-   using  the1 
reaction 


Since  the  preparation  of  lithium  borohydride  i.s 
difficult.  we  have  attempted  to  replace  it  by  more 
readily  obtainable  raw  materials.  In  the  first  case,  a 
reaction  was  sought  that  would  form  it  right  in  situ 
and  thnt  coupled  with  the  Schaeffer.  Schaeffer  and 
Schlesinger  reaction1  would  yield  borazol  ;  and,  in 
the  second,  accepting  the  hypothesis  that  lithium 
borohydride  is  no  more  than  a  carrier  of  lithium 
hydride,  it  was  felt  that  this  latter  substance  should. 
under  certain  conditions,  effect  the  reduction  of 
trichloroborazol.  Should  this  reaction  happen  in  the 
absence  of  solvents,  it  would  be  possible,  besides  the 
advantage  indicated,  to  avoid  the  simultaneous 
formation  of  diboranc,  the  handling  of  which  is 
troublesome,  and  to  make  easier  the  purification  of 
the  resulting  borazol  by  making  its  separation  in  a 
sol  vent  unnecessary. 

It  was  proven  qualitatively  that,  by  heating  lithium 
fluoborate.  to  almost  200°  C  with  a  lithium  hydride 
excess,  it  was  possible  to  separate  from  the  product 
of  the  reaction  an  ether  soluble  substance,  the 
chemical  behavior  of  which  was  that  of  a  borohydride, 
while  further  heating  of  the  mixture  produced  the 
release  of  diborane.  Both  reactions  may  be  inter- 
preted as  follows  : 


LiRF4   I   4LiIl  =  LiBFU  +  4LiF 


(3) 


2LiBH4  =  BaH«  +  2LiH  (4) 

The  formation  of  borohydride  at  a  lower  tem- 
perature than  that  necessary  for  the  formation  of 
borazol  by  the  Schaeffer,  Schaeffer  and  Schlesinger 
reaction1  already  mentioned  made  it  possible  to  couple 
reaction  3  with  reaction  1,  that  is  to  say: 


3LiP.F4-l-  12LiH  -|-3NH4C1  = 

BjiNallo  +  12LiF  +  3LiCl 


9H2 
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Using  the  same  equipment,  and  working  practically 
with  the  same  conditions  as  did  the  authors  men- 
tioned above  in  the  presence  of  an  inert  solvent,  in 
order  to  increase  the  contact  surface  of  the  reagent, 
the  first  gross  purification  gave  a  yield  of  about  30$ 
borazol  of  almost  '>5?£>  purity.  « 

On  the  other  h.-.nd,  the  preliminary  attempts  at  a 
reduction  of  trichlornborazol  with  lithium  hydride, 
in  the  absence  ot  solvents,  led  to  the  conclusion  that, 
in  order  to  obtain  good  results,  the  following  are 
necessary : 

(T)  An  activated  lithium  hydride  offering  great 
surface. 

(2)  Work  at  a  temperature  lower  than  that  of 
decomposition  for  trichloroborazol. 

(3 )  The  rapid  separation  of  the  borazol   formed 
from  the  reaction  area. 

These  conditions  are  met  rather  well  if  the  finely 
ground  lithium  hydride  mixed  with  crushed  Pyrex 
glass  is  activated  by  heating,  if  the  reaction  takes 
place  at  a  temperature  not  higher  than  180°C,  and  if 
the  trichloroborazol  is  carried  toward  the  reaction 
in  a  current  of  hydrogen  which  also  makes  it  easier 
for  the  borazol  formed  to  be  carried  away. 

Working  as  mentioned  above  and  duly  regulating 
the  rate  of  flow  of  the  hydrogen-tricliloroborazol 
mixture  it  is  possible  to  recover,  in  the  condensation 
trap,  an  impure  borazol  containing  about  10f/f  of 
chlorinated  derivatives  in  a  yield  of  from  60  to  70^ 
of  the  theoretical  maximum. 

EXPERIMENTAL  WORKS 

The  lithium  hydride  used  was  obtained  from 
Metals  &  Chemicals  Ltd.,  16  Northumberland  Ave., 
London  W.C.2,  in  pieces,  and  contained  92-3%  LiH. 
It  was  ground  in  a  nitrogen  atmosphere  to  a  — 200 
mesh  fineness.  The  activation  of  lithium  hydride  was 
done  as  follows:  Place  12  grams  lithium  hydride 
( —200  mesh )  mixed  with  25  grams  ground  Pyrex 
glass  in  the  horizontal  oven  (Fig.  1),  previously 
cleaned  with  oxygen  free  nitrogen.  Circulate  hydrogen 
and  heat  the  oven  for  a  few  minutes  at  100°C.  Cut 
the  hydrogen  flow  and  close  stopcocks  A  and  B, 
and  raise  the  temperature  to  300°C  during  two  hours, 
stop  heating  and,  opening  stopcock  A,  cause  hydrogen 
to  pass  during  the  cooling  period. 

Ammonium  chloride  of  the  purity  required  for 
analyses  was  used.  It  was  dried  at  180°C,  and  ground 
to  a  200  mesh  fineness. 

Lithium  fluoborate  was  prepared  by  neutralizing 
a  fluoboric  acid  solution  with  lithium  hydroxide,  con- 
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Figure  1 
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centrating  the  solution  to  dryness  after  filtration  of 
some  of  the  lithium  chloride  separated  and  eliminat- 
ing boric  acid  traces  by  washing  with  alcohol.  Finally, 
it  was  dried  at  100°C  under  reduced  pressure. 

B-trichloroborazol  was  prepared  following  Held- 
berger's*  process,  which  makes  it  easy  to  obtain  it 

*Johann  Heinrich  Heldberger,  Comisi6n  Nacional  de  la 
Energia  At6mica;  private  communication. 


from  ammonium  chloride  and  boron  trichloride, 
without  any  solvents.  The  impure  product  of  the 
reaction  is  sublimated  at  lower  pressures,  at  100°  C, 
producing  25-30%  of  the  theoretical  yield  of  pure 
B-trichloroborazol,  beautifully  crystallized. 

Preparation  of  borazol  by  the  reaction  between 
lithium  fluoborate,  lithium  hydride  and  ammonium 
chloride  made  use  of  the  apparatus  described  by 
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Schaeffer,  Schaeffer  and  Schlesinger,1  illustrated  in 
Fig.  2,  and  the  work  was  done  as  indicated  in  the 
reference. 

For  the  test,  a  mixture  of  14.1  gm  lithium  fluo- 
borate,  9.2  gm  ammonium  chloride  and  4.8  gm 
lithium  hydride  with  25  gm  crushed  Pyrex  glass 
was  placed  in  the  beaker.  The  latter  was  set  up, 
vacuum  was  established,  and  traps  2  and  3  were 
submerged  in  liquid  air.  Operation  was  started  heat- 
ing first  the  neck  of  the  beaker  to  300° C,  and  there- 
after raising  its  contents  to  280-290°  C  until  hydrogen 
release  was  started  in  the  mercury  bubbling  tube, 
and  then  maintaining  the  temperature  at  250-255  °C. 
The  hydrogen  release  stopped  about  two  hours  later. 
Heating  was  stopped  and  the  equipment  was  care- 
fully and  slowly  emptied.  The  material  condensed  in 
traps  2  and  3  was  transferred  through  outlet  4  to 
a  small  beaker,  and  rectification  under  vacuum  was 
done  through  a  trap  at  — 80°  C.  Between  60  and  65 
ml  of  diborane  were  eliminated  in  this  form,  while 
there  remained  1.15  gm  (28.4%)  impure  borazol  in 
the  trap. 

The  product  obtained  has  a  melting  point  of  about 
— 60°  C,  and  decomposes  with  release  of  hydrogen 
and  reduces  permanganate  and  nickel  salts  in  an  aque- 
ous medium  typical  properties  of  borazol.3 

Preparation  of  borazol  by  reduction  of  B-trichloro- 
borazol  with  lithium  hydride  proceed  as  follows : 
Place  46  gm  sublimated  B-trichloroborazol  in  beaker 
D  of  apparatus  shown  in  Fig.  1  and  heat  to  100° C 


while  the  reduction  oven,  loaded  with  12  gm  activated 
lithium  hydride  is  maintained  as  previously  described 
at  180° C;  pass  hydrogen  at  such  a  rate  that  the 
operation  ends  in  about  40  or  50  minutes,  and  the 
condensable  volatile  products  are  recovered  in  trap 
C,  cooled  with  liquid  air.  About  14  gm  of  the  im- 
pure product  are  obtained,  which,  by  the  first  frac- 
tion under  vacuum  through  the  —  80°  C  bath,  is  freed 
from  the  greater  part  of  the  volatile  impurities,  but 
not  from  the  chlorine  derivatives  which  should  be 
separated  by  more  careful  fraction. 

The  product  thus  obtained  has  a  melting  point  of 
about  — 60°C,  76  mm  vapor  pressure  at  0°C,  and 
85%  distills  between  50  and  60° C.  Its  analysis,  as 
computed  for  BSN8H6,  B,  40.7%;  N,  51.9%,  as 
obtained:  B,  39.7%;  N,  50.5%;  Cl,  4%. 

SUMMARY 

A  study  was  made  of  two  techniques  of  borazol 
preparation,  which  eliminates  the  need  of  lithium 
borohydride. 
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Mr.  G.  A.  MKYERSON  (USSR)  presented  paper 
P/633  as  follows : 

The  chief  quality  requiml  of  beryllium  and  beryl- 
lium oxide  is  that  they  should  be  extremely  pure. 

To  produce  the  purest  beryllium  oxide,  a  method 
has  been  developed  in  the  1TSSR  employing  the 
well-known  reaction  by  which  the  basic  acetate  of 
beryllium  is  formed.  Industrial  beryllium  hydroxide 
is  treated  with  acetic  acid  and  the  basic  acetate  formed 
is  double-distilled  at  360-400° C  and  then  decomposed 
rt  600-700°C. 

Slide  1  (Table  1  of  P/633)  shows  the  impurity 
content  in  the  original  hydroxide  and  in  the  purified 
oxide,  expressed  as  a  percentage  of  the  beryllium. 

As  will  be  seen  from  the  table,  the  acetate  distilla- 
tion reduces  the  impurity  content  by  several  orders 
of  magnitude. 

Several  methods  have  been  developed  for  manu- 
facturing articles  out  of  beryllium  oxide,  varying 
according  to  the  requirements  they  are  to  meet. 

The  simplest  method  is  based  on  processes  bor- 
rowed from  ordinary  ceramic  techniques.  A  mixture 
of  pondered  beryllium  oxide  of  various  grades  is 
pressed  into  graphite  moulds  and  fired  in  them  at 
1800°C. 

Under  these  conditions  the  articles  produced  have 
a  density  of  about  2.1-2.2  gm/cm3,  or  about  27% 
porosity. 

Virtually  non-porous  and  degasified  articles  are 
produced  by  hot-pressing  the  oxide  under  vacuum  at 
1 850-1900°  C  and  at  a  pressure  of  15-20  kg/cm2,  or 
in  some  cases  up  to  50  kg/cm2. 

This  high- temperature  treatment  under  vacuum 
also  has  a  supplementary  purifying  effect  owing  to 
the  volatilization  of  the  impurities. 

There  are  two  basic  methods  of  producing  metallic 
beryllium :  reduction  of  beryllium  fluoride  by  means 
of  magnesium  and  electrolysis  of  fused  beryllium 
chloride. 

The  raw  material  for  the  magnesium  reduction 


method  of  producing  beryllium  from  the  fluoride  is 
ammonium  beryllium  fluoride,  which  is  converted 
into  beryllium  fluoride  by  calcining  at  900-1000°C. 

The  magnesium  reduction  of  the  fluoride  is  done  in 
graphite  crucibles,  heated  by  induction  to  1300°C  at 
the  end  of  the  reaction.  The  slag  used  is  either  an 
excess  of  beryllium  fluoride  or  a  mixture  of  beryllium 
fluoride  and  barium  chloride  (the  latter  reduces  the 
beryllium  content  of  the  slag  and  hence  increases 
the  direct  extraction  of  beryllium  in  the  reduction 
process). 

A  purer  metal  is  obtained  by  electrolysis.  The  raw 
material  is  beryllium  chloride  obtained  by  chlorinating 
beryllium  oxide  briquettes  at  a  temperature  of  550- 
650° C  in  tubular  dies  lined  with  quartz  and  heated 
internally  by  graphite  electric  heaters.  The  beryllium 
chloride  vapour  evolved  condenses  at  250-280°C  in 
nickel  condensers  heated  by  hot  air.  The  electrolysis 
is  performed  at  320-350° C  from  an  electrolyte  con- 
sisting of  a  mixture  of  beryllium  and  sodium  chlor- 
ides with  a  beryllium  concentration  of  about  6%. 

At  the  low  starting  voltage  (about  l.Sv),  the  im- 
purities which  are  more  electropositive  than  beryllium 
are  electrolytically  extracted,  after  which  the  cathode 
is  changed  and  the  voltage  increased,  and  pure  beryl- 
lium is  deposited  on  the  cathode. 

The  use  of  a  changeable  cathode  means  that  the 
process  can  be  made  almost  continuous,  with  very 
short  intervals  between  cathode  changes.  The  adop- 
tion of  the  preliminary  stage  of  electrolytic  refine- 
ment makes  it  possible  to  achieve  a  very  high  degree 
cf  purity  in  the  metal,  which  is  scarcely  inferior  in 
this  respect  to  metal  produced  by  distillation. 

To  free  the  beryllium,  whether  magnesium-reduced 
or  electrolytic,  from  traces  of  volatile  impurities,  it 
is  melted  at  1500-1550°C  under  a  low  pressure  of 
argon  (about  20  mm  of  mercury).  The  maintenance 
of  this  low  residual  pressure  is  necessary  to  prevent 
any  perceptible  evaporation  of  the  beryllium  itself. 

Beryllium  of  a  high  degree  of  purity  is  also  pro- 
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duced  by  distillation  under  vacuum  at  130Q-1400°C 
(with  a  residual  pressure  of  about  1  X  10~5  mm  of 
mercury).  Under  these  conditions  the  beryllium 
evaporates  at  the  rate  of  about  0.3  gm  per  hour  per 
ctrr  superficial  area  of  the  metal.  The  pure  metal 
condenses  in  the  heated  zone  of  the  condenser  at 
1 120-1 150°C 

Slide  2  (Table  11  of  P/633)  shows  the  change  in 
the  impurity  content  of  the  beryllium  after  distilla- 
tion. It  will  be  observed  that  this  process  reduces 
the  impurity  content  by  several  orders  of  magnitude. 

T  must  qualify  these  remarks  by  saying  that  the 
impurity  content  of  the  starting  metal  shown  here  is 
>omewhat  higher  than  that  of  the  ordinary  commer- 
cial quality  produced  by  magnesium  reduction  from 
the  fluoride.  These  figures  refer  to  a  starting  metal 
produced  from  an  ammonium  beryllium  fluoride  solu- 
tion which  had  not  undergone  supplementary  chemi- 
cal purification  to  free  it  from  heavy  metal  impuri- 
ties. This  insufficiently  purified  starting  material  was 
deliberately  chosen  in  order  to  demonstrate  more 
readily  the  purifying  effect  of  the  distillation  process. 
In  the  ordinary  pure  beryllium  produced  from  the 
fluoride  after  proper  purification  of  the  ammonium 
beryllium  fluoride  solution,  the  heavy-metal  impurit\ 
content  is  considerably  lower  than  that  of  the  starting 
metal  shown  here.  The  ingots  made  from  melted 
beryllium  have  a  heterogeneous,  coarse-grained  struc- 
ture and  are  very  brittle.  Hence,  if  supplies  of  homo- 
geneous, fine-grained  structure  are  required,  it  is 
better  to  use  powder-metallurgy  methods.  Beryllium 
ingots  purified  by  melting  are  reduced  to  chips  and 
then  ground  down  to  powder. 

Depending  on  the  requirements  which  the  beryllium 
articles  are  to  meet,  several  alterative  techniques  for 
converting  the  powder  into  dense  bodies  have  been 
developed. 

If  articles  of  maximum  density  are  to  be  produced 
from  degasified  metal,  the  method  used  is  that  of  hot- 
pressing  under  vacuum  in  lined  graphite  dies  heated 
by  induction  to  1100°C  at  the  pressure  of  50  kg/cm-. 
Under  these  conditions  a  density  close  to  the  the- 
oretical maximum  is  obtained. 

Articles  produced  by  this  method  are  most  suitable 
for  use  in  high  temperature  work,  if  that  is  required ; 
tiiey  do  not  become  deformed  or  give  off  gases  under 
such  conditions  and  they  are  highly  resistant  to  heat. 

To  avoid  thermal  stresses  due  to  rapid  cooling  after 
hot-pressing,  the  articles  are  annealed  under  vacuum 
at  1100°C  and  slowly  cooled. 

The  method  used  to  produce  articles  of  high  densi- 
ty but  for  use  in  moderate  temperature  conditions  is 
the  simpler  one  of  hot-pressing  the  beryllium  powder 
or  chips  at  600° C  in  open  dies  made  of  heat-resisting 
alloys  at  a  pressure  of  5  tons  per  cm2. 

Articles  of  the  same  density  but  obtained  from 
degasified  metal  may  also  be  produced  by  first  sinter- 
ing under  vacuum  cold-pressed  beryllium-powder 
briquettes  and  then  subjecting  the  sintered  product  to 
calibrated  hot-pressing  at  600°  in  open  dies  made  of 
heat-resisting  alloys  at  a  pressure  of  5  tons  per  cm2. 


Finally,  the  simplest  technique  is  used  to  produce 
articles  in  which  some  small  residual  porosity  is  per- 
missible ;  the  beryllium  powder  is  pressed  cold  in  steel 
dies  at  a  pressure  up  to  15  tons  per  cm2.  The  bri- 
quettes are  then  sintered  in  vacuum  dies  at  1150- 
1200°C,  treated  by  calibrated  cold-pressing  and  an- 
nealed under  vacuum  at  1100°. 

Beryllium  bodies  produced  by  powder-metallurgy 
methods  may  also  be  used  for  extruding  rod  and  tube 
at  a  temperature  of  about  500° C. 

Here  a  cross-sectional  deformation  of  85%  is  per- 
missible. The  porosity  of  the  extruded  rod  is  less  than 
\%,  i.e.,  it  is  close  to  the  theoretical  maximum  densi- 
ty even  when  there  was  some  residual  porosity  in  the 
original  material.  Under  test,  the  rod  has  been  found 
capable  of  elongat;on  by  5-10r/>  in  the  direction  of 
working. 

With  the  various  methods  1  have  described  of  pro- 
ducing the  oxide,  the  metal  and  articles  made  from  it, 
it  is  now  possible  to  transform  a  simpler  and  cheaper 
technology  into  a  somewhat  more  complicated  and 
expensive  one,  in  order  to  satisfy  the  various  fM>ssible 
demands  0:1  the  quality  of  the  products. 

Mr.  A.  R.  KAUFAIANN  (USA):  summarized  pa- 
per P/820  as  follows : 

It  Ls  well  known  that  beryllium  and  beryllium 
oxide  are  materials  of  great  potential  value  for  nu- 
clear reactors.  They  have  not  as  yet,  however,  come 
into  extensive  use  in  the  United  States  of  America. 
This  paper  will  describe  the  methods  now  in  use  for 
obtaining  and  fabricating  Be  and  BeO  and  will  out- 
line the  present  understanding  of  their  physical  prop- 
erties. Much  progress  has  been  made  in  producing 
these  materials  in  satisfactory  quality  for  reactor  use. 

At  the  present  time  commercial  quantities  of  beryl- 
lium are  produced  only  from  the  mineral  beryl  which 
is  a  beryllium  aluminum  silicate.  The  supplies  of 
beryl  are  more  than  adequate  for  existing  demand 
but  it  is  to  be  hoped  that  cheaper  sources  of  beryllium 
can  be  developed  in  the  future.  The  chemistry  of 
beryllium  is  widely  known  and  all  the  commercial 
production  is  done  either  by  a  magnesium  reduction 
of  beryllium  fluoride  or  by  electrolysis  of  beryllium 
chloride.  The  details  of  these  processes  are  of  interest 
but  there  is  not  sufficient  time  in  this  talk  to  present 
many  of  them. 

The  first  problem  is  to  produce  pure  beryllium 
oxide  from  beryl.  There  are  two  methods  in  use  in 
the  USA  both  of  which  involve  wet  chemistry.  The 
Brush  Beryllium  Company  dissolves  the  beryl  with 
sulfuric  acid  after  a  fusion  treatment  to  open  up  the 
ore.  This  operation  removes  most  of  the  silica  and 
the  aluminum  is  subsequently  eliminated  by  crystal- 
lization of  aluminum  alum  from  the  solution.  The 
beryllium  is  then  changed  to  sodium  beryllate  and 
finally  is  precipitated  as  hydroxide  by  heating  the 
solution  to  100°  C.  A  chelating  reagent  is  used  to  hold 
the  heavy  metal  impurities  in  solution  during  this 
precipitation.  The  hydroxide  is  converted  to  oxide 
by  calcining  at  about  1100°C.  The  Beryllium  Cor- 
poration of  America  heats  the  beryl  with  various 
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fluorides  in  order  to  form  sodium  beryllium  fluoride 
which  may  then  be  dissolved  in  water  leaving  the 
aluminum,  silicon,  and  other  impurities  behind  in  in- 
soluble form.  Beryllium  hydroxide  is  then  precipi- 
tated by  addition  of  caustic. 

Both  of  these  methods  produce  technical  grade 
beryllium  oxide  at  about  the  same  cost.  The  sulfate 
method  can  be  used  to  produce  oxide  of  high  enough 
purity  for  refractory  and  reactor  use  by  a  repetition 
of  the  process,  but  the  fluoride  method  can  only  pro- 
duce the  technical  grade  of  oxide. 

Beryllium  oxide  may  be  fabricated  into  solid  bodies 
for  refractory  and  reactor  use  by  a  number  of  meth- 
ods. For  slip  casting  and  dust  pressing  procedures  it 
is  desirable  to  use  fused  beryllia  and  to  fire  in  an 
oxidizing  atmosphere  at  about  1800°  C.  Calcined  ox- 
ide may  be  used  for  hot-pressing  in  graphite  dies  at 
about  2200° C.  The  latter  procedure  yields  bodies  of 
full  density. 

Beryllium  oxide  is,  of  course,  a  brittle  material 
subject  to  cracking  under  thermal  stress.  It  has  an 
unusually  high  thermal  conductivity  but  this  con- 
ductivity is  substantially  reduced  by  neutron  irradia- 
tion. The  thermal  shock  resistance  may  be  improved 
by  small  additions  of  alumina  or  zirconia  and  by  us- 
ing a  porous  body.  Extensive  engineering  tests  have 
shown  that  beryllium  oxide  can  be  safely  used  in  a 
low-power  high  temperature  reactor  but  that  further 
development  is  needed  to  make  it  satisfactory  for  a 
high  performance  reactor. 

At  the  present  time  commercial  quantities  of  beryl- 
lium metal  are  produced  only  by  the  Brush  Beryllium 
Company  using  the  magnesium  reduction  of  fluoride. 
The  first  step  in  this  process  is  to  form  a  solution  of 
ammonium  beryllium  fluoride  from  either  hydroxide, 
oxide  or  scrap  metal  and  then  to  remove  heavy  metal 
contamination,  if  it  exists,  by  treatments  with  lead 
dioxide  and  with  various  sulfides.  The  pure  ammoni- 
um beryllium  fluoride  is  crystallized  from  solution 
and  is  then  heated  to  about  1000°  C  to  drive  off  am- 
monium fluoride.  The  fused  beryllium  fluoride  is 
solidified  and  stored. 

Reduction  to  metal  is  carried  out  in  batches  in  a 
graphite  pot  at  about  900°  C.  Only  about  75  per  cent 
of  the  stoichiometric  amount  of  magnesium  is  used 
in  order  to  keep  the  slag  fluid  at  the  end  of  the  cycle. 
When  the  reduction  is  complete  the  temperature  is 
raised  to  about  1300°C  in  order  to  melt  the  beryllium 
and  allow  it  to  collect  in  globules.  The  molten  mass 
is  poured  from  the  pot  and  after  solidification  is 
broken  up  and  washed  with  water  to  remove  the  slag. 
The  final  pebbles  contain  about  2  per  cent  slag,  l/* 
per  cent  magnesium  and  l/<*  per  cent  of  other 
impurities. 

Melting  of  beryllium  can  best  be  carried  out  in 
vacuum  using  beryllium  oxide  crucibles.  The  use  of 
vacuum  leads  to  a  removal  of  volatile  impurities 
and  thus  a  higher  quality  of  metal.  It  is  possible  to 
make  sound  castings  up  to  8  inches  in  diameter  and 
with  good  surface  but  this  requires  a  very  careful 
control  of  the  melting  and  casting  conditions.  Up  to 


the  present  time  there  has  been  little  direct  use  of 
cast  beryllium,  the  material  being  employed  either  for 
extrusion  billets  or  for  conversion  to  powder. 

At  this  point  it  is  desirable  to  discuss  the  physical 
metallurgy  of  beryllium  in  order  better  to  understand 
the  problem  of  making  something  useful  out  of  it. 
Cast  beryllium  is  almost  hopelessly  brittle.  Many 
investigators  have  tried  to  remedy  this  condition  by 
eliminating  impurities,  by  trying  to  deoxidize  the 
metal,  and  by  adding  alloying  elements.  None  of  these 
procedures  has  improved  the  ductility,  and  there  is 
little  hope  that  further  effort  will  solve  the  problem. 
It  has  been  known  for  a  long  time  that  fabricated 
beryllium  can  display  appreciable  ductility  in  the  di- 
rection of  working.   The  explanation  of  this  was 
learned  recently  through  the  discovery  that  single 
crystals  of  beryllium  of  commercail  purity  can  exhibit 
large  amounts  of  ductility  in  certain  directions  and 
are  brittle  in  other  directions.  The  plasticity  is  due  to 
slip  on  1010  prism  planes,  while  the  brittleness  is 
largely  due  to  an  easy  fracture  on  the  basal  planes. 
Fractures  can  also  occur  on  the  1120  prism  planes 
and  the  1012  twin  planes,  but  with  greater  difficulty 
then  on  the  basal  plane.  Thus,  it  is  clear  that  the  pre- 
ferred  orientation   in  a   polycrystalline    sample   of 
beryllium  is  important  to  its  ductility. 

Fine  grained  beryllium  is  usually  more  ductile  than 
coarse  grained  material  and  therefore  the  recrystalli- 
zation  behaviour  is  of  great  practical  importance. 
Recent  studies  have  revealed  that  annealing  of  de- 
formed beryllium  occurs  more  commonly  by  polygon- 
ization  than  by  nucleation  of  new  crystals.  For  this 
reason  it  is  difficult  to  get  extensive  grain  refinement 
by  deformation  and  annealing  of  cast  metal.  Fine 
grain  size  can  be  achieved  in  powder  metallurgy 
beryllium  because  the  oxide  films  on  the  original 
particles  inhibit  grain  growth  during  sintering. 

Let  us  turn  now  to  fabrication  methods  for  the 
metal.  Due  to  the  inherent  brittleness  it  is  necessary, 
even  in  hot  working,  to  use  special  techniques  which 
avoid  tensile  deformations.  Extrusion  is  the  best 
fabrication  method  for  this  reason.  The  beryllium 
metal,  either  in  solid  form  or  as  powder,  is  encased  in 
a  thin  shell  of  soft  steel  to  prevent  oxidation  and  to 
avoid  sticking  of  the  beryllium  to  the  extrusion  tools. 
A  temperature  of  about  1000°  C  is  best  for  extrusion 
but  almost  any  other  temperature  can  be  used.  Even 
at  1000°  C  the  extrusion  pressure  is  relatively  high, 
and  therefore  only  simple  shapes  such  as  rods,  tubes 
and  flats  can  be  readily  made.  Hot  rolling  and  forging 
can  be  carried  out  inside  an  iron  sheath.  It  is  almost 
impossible  to  cold  work  beryllium  even  after  exten- 
sive hot  working. 

It  should  be  clear  from  what  has  already  been 
said  that  powder  metallurgy  is  especially  attractive 
for  beryllium  because  of  its  ability  to  preserve  a  fine 
grain  size.  The  process  used  by  the  Brush  Company 
consists  of  converting  vacuum  cast  metal  to  powder 
by  machining  It  into  chips  and  then  by  grinding  be- 
tween beryllium  plates  in  a  nitrogen  atmosphere.  The 
powder  is  sized  to  pass  a  200  mesh  screen.  Consoli- 
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dation  into  bodies  of  essentially  full  density  is  ac- 
complished by  a  number  of  methods.  The  best  pro- 
cedure to  make  large  pieces  consists  of  hot  pressing 
at  about  1050° C  and  at  about  100  pounds  per  square 
inch  pressure.  Steel  and  graphite  containers  are  used 
for  this  purpose.  Good  material  can  also  be  made  by 
pressing  at  1050°  C  and  1500  pounds  per  square  inch 
without  the  use  of  vacuum.  Small  objects  can  be  made 
by  pressing  powder  at  150,000  pounds  per  square 
inch  at  room  temperature,  annealing  at  1050°  C,  and 
then  cold  coining  to  size  or,  alternatively,  by  using 
this  same  pressure  at  about  500°  C  and  then  anneal- 
ing at  800°  C.  AJ1  of  these  procedures  yield  a  high 
density  product  of  fine  grain  size,  good  machinability, 
and  some  ductility. 

Now,  let  us  return  again  to  the  matter  of  ductility 
in  beryllium.  It  has  been  found  by  workers  at  the 
Massachusetts  Institute  of  Technologoy  and  at  Nu- 
clear Metals  Inc.  that  extruded  powder  beryllium 
can  exhibit  20  per  cent  elongation  at  room  tempera- 
ture in  the  direction  of  extrusion  and  that  cross- 
rolled  powder  can  elongate  as  much  as  40  per  cent 
in  all  directions  in  the  plane  of  the  sheet.  These  re- 
sults and  those  mentioned  earlier  can  all  be  under- 
stood in  terms  of  preferred  orientation  and  grain 
size.  It  is  clear  that  a  specimen  having  a  random 
orientation  of  grains  should  have  low  ductility  since 
some  grains  will  be  oriented  for  easy  fracture.  Never- 
theless, a  fine  grain  size  as  in  the  pressed  powders 
can  lead  to  as  much  as  2  per  cent  elongation  at  room 
temperature.  Extruded  cast  beryllium  and  extruded 
powder  can  be  produced  with  identical  preferred 
orientation,  and  yet  the  former  has  only  about  3  per 
cent  elongation  while  the  latter  has  20  per  cent.  This 
difference,  presumably,  is  attributable  to  the  rela- 
tively coarse  grains  of  the  extruded  casting.  The 
extruded  powder  is  ductile  in  only  one  direction, 
while  the  cross-rolled  powder  not  only  has  much 
greater  ductility  but  also  exhibits  this  in  all  directions 
in  the  plane  of  the  sheet.  In  cross  rolled  material  the 
basal  planes  are  almost  parallel  to  the  sheet  surface 
and  therefore  there  are  no  planes  of  easy  fracture 
perpendicular  to  stress  in  the  plane  of  the  sheet. 
In  extruded  powder  the  basal  planes  are  randomly 
oriented  about  the  extrusion  axis  and  hence  some 
crystals  can  fracture  readily  when  the  rod  is  stressed 
in  a  perpendicular  direction.  It  is  hoped  that  this  one 
or  two  dimensional  ductility  in  beryllium  can  find 
valuable  use  in  the  reactor  field.  It  is  clear,  however, 
that  these  accomplishments  are  no  substitute  for  true 
ductility  such  as  is  required  of  an  engineering 
material. 

The  corrosion  resistance  of  beryllium  is  worthy 
of  mention.  Commercial  purity  metal  of  high  density 
is  resistant  to  attack  by  air  up  to  about  650° C.  Cor- 
rosion at  room  temperature  in  moist  air  occurs  only 
when  excessive  amounts  of  carbide  or  chloride  are 
present.  Attack  by  water  at  100°  C  is  extremely  slow 
but  at  350°  C  catastrophic  corrosion  often  occurs. 
However,  some  samples  are  quite  resistant  to  350°C 
water  and  it  is  hoped  that  further  research  will  pro- 


duce material  which  is  at  least  as  resistant  to  water 
as  is  zirconium.  Beryllium  is  not  attacked  by  sodium 
at  500°  C,  but  oxidation  of  the  beryllium  can  occur 
if  there  is  more  than  about  0.01  per  cent  oxygen  in 
the  sodium. 

In  conclusion,  it  seems  appropriate  to  mention  that 
health  hazards  exist  in  the  handling  of  beryllium 
materials.  Long  experience  has  shown  that  workers 
in  this  field  can  be  protected  by  proper  attention  to 
ventilation  and  cleanliness. 

Mr.  R.  CAIJLLAT  (France)  presented  paper  P/345. 

Mr.  A.  £.  CAIRO  (Argentina)  presented  paper 
P/1015. 

DISCUSSION  OF  P/633,  P/820,  P/345  and  P/1015 

THE  CHAIRMAN  :  Mr.  Kauf mann  asks  Mr.  Meyer- 
son  for  more  details  on  the  method  of  decomposing 
the  beryllium  acetate. 

Mr.  MEYERSON  (USSR)  :  I  will  add  some  further 
details  to  what  I  have  already  said  in  reading  the 
paper  on  the  process  of  pure  beryllium  production  by 
acetate  distillation.  Freshly-precipitated  technical- 
grade  beryllium  hydroxide  is  treated  with  concen- 
trated acetic  acid  to  form  the  combination  BeO  •  Be3- 
(CH3COO)6.  The  basic  acetate  is  then  distilled  at 
360-400°  C.  This  operation  is  repeated  twice.  This  is 
of  great  importance  in  obtaining  an  extremely  pure 
product.  After  double  distillation,  the  pure  basic  ace- 
tate is  decomposed  at  temperatures  between  600  and 
700°C.  The  result  of  this  process  is  that  finely- 
divided  heavy  beryllium  oxide  in  very  pure  form, 
precipitates  out  of  the  gaseous  phase.  All  of  these 
processes  are  performed  in  gas-tight  vessels  connected 
together  in  such  a  way  as  to  establish  a  continuous- 
flow  process  and  also  to  prevent  the  penetration  of 
volatile  substances  or  dust  into  the  working  area 
occupied  by  the  staff  operating  the  apparatus. 

One  of  the  research  objectives  connected  with  this 
subject  is,  as  in  the  case  of  various  other  metals 
which  are  to  be  protected  against  oxidation,  to  pro- 
duce oxide  films  of  complex  structure  which  are  more 
stable  and  homogeneous  than  the  beryllium  oxide 
which  forms  naturally  on  the  surface  of  the  metal. 
Research  on  these  lines  is  still  in  progress  at  the 
laboratory  stage ;  we  are  studying  additions  of  vari- 
ous elements,  such  as  nickel,  aluminum,  silicon,  chro- 
mium, zirconium,  etc.,  but  so  far  we  have  reached  no 
final  conclusions  as  to  which  is  the  best  substance  to 
add.  We  have,  however,  observed  one  quite  impor- 
tant fact  that  we  thought  was  interesting  to  report 
to  the  conference.  This  observation  is  that  the  resis- 
tance of  beryllium  to  oxidation  is  appreciably  im- 
proved by  means  of  additions  even  when  the  articles 
retain  some  residual  porosity.  In  the  case  of  pure 
beryllium,  increased  porosity  sharply  reduces  its  re- 
sistance to  oxidation.  As  is  mentioned  in  the  text  of 
my  paper,  however,  it  is  possible  by  means  of  pro- 
tective additions  to  raise  the  resistance  to  oxidation 
of  even  somewhat  porous  bodies  close  to  the  resis- 
tance offered  by  the  densest  and  purest  beryllium.  We 
feel  that  this  observation  is  of  great  practical  im- 
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porta'nce  because  it  enables  us  to  adopt  simplified 
methods  of  producing  beryllium  articles  while,  as 
mentioned  in  the  paper,  achieving  a  satisfactory  de- 
gree of  resistance  to  oxidation. 

The  CHAIRMAN  :  Mr.  Kauf  matin's  question  is  ad- 
dressed to  Mr.  Caillat.  He  points  out  that  in  the 
United  States  the  bricks  are  sintered  at  2200°C  and 
that  this  is  necessary  when  the  body  is  more  complex 
than  an  ordinary  brick. 

Mr.  CAILLAT  (France) :  It  is  certainly  possible  to 
sinter  the  bricks  under  pressure  at  2200°  C.  \Yc  pre- 
ferred, however,  to  do  it  at  1850°C,  but  only  for 
convenience.  With  regard  to  the  manufacture  of 
bodies  more  complex  than  a  brick,  to^which  you  re- 
ferred, I  think,  it  is,  of  course,  difficult  to  obtain 
highly  concave  shapes  by  sintering  under  pressure. 
However,  my  feeling  is  that  this  is  more  a  mechani- 
cal difficulty  in  providing  the  plungers  and  dies  than  a 
difficulty  that  could  be  solved  by  raising  the  sintering 
temperature. 

The  CHAIRMAN  :  I  have  another  question  from 
Mr.  Kaufmann  concerning  beryllium  metallurgy. 
This  one  is  addressed  to  Mr.  Meyerson.  Mr.  Kauf- 
mann would  like  to  know  what  alloys  are  used  to 
improve  the  resistance  to  oxidation  of  the  beryllium. 

Mr.  MEYKRSON  (USSR):  The  determination  by 
chemical  analysis  of  the  oxygen  content  of  beryllium 
is,  of  course,  very  complicated.  In  our  technological 
investigations  we  carried  out  comparative  experi- 
ments, yielding  rapid  but  perhaps  not  very  accurate 
results,  by  using  the  well-known  method  of  deter- 
mining oxygen  in  metallic  beryllium  by  chlorination, 
which  yields  a  non-volatile  residue  in  the  form  of 
beryllium  oxide.  Usually  the  oxygen  content  of 
beryllium  depends  not  so  much  on  the  method  of  pro- 
duction as  on  the  extent  to  which  the  metal  has  been 
reduced  to  powder  form.  For  this  reason  we  try  to 
avoid  extremely  fine  pulverization  in  reducing  the 
beryllium  to  powder,  and  we  find  it  possible  to  limit 
the  oxygen  content  of  the  powder  to  rather  less  than 
1  per  cent,  equivalent  to  about  1  i>er  cent  of  beryl- 
lium oxide  in  the  metal  powder. 

The  CHAIRMAN  :  I  should  like  to  ask  Mr.  Meyer- 
son  a  question  myself :  Have  you  determined  the 
oxygen  content  of  your  very  pure  sublimed  beryl- 
lium? In  your  paper  you  give  the  impurity  content 
of  sublimted  beryllium.  Is  oxygen  included? 

Mr.  MEYERSON  (USSR)  :  We  have  not  observed 
any  particular  variation  in  oxygen  content  in  metals 
of  different  origins  once  they  have  been  reduced  to 
approximately  the  same  degree  of  pulverization.  If 
the  sublimated  metal  condenses  in  a  compact  form, 
its  oxygen  content  will,  of  course,  be  lower  than  that 
of  the  same  metal  after  pulverization. 

Mr.  TEMPLE  (UK) :  I  should  like  to  ask  Mr. 
Meyerson  two  short  questions.  Can  you  tell  me  the 
barium  content  of  the  beryllium,  both  before  and  after 
the  vacuum  melting,  that  is  to  say,  beryllium  pro- 
duced by  the  magnesium  reduction  of  beryllium 
fluoride  ? 


Secondly,  can  you  also  give  some  idea  of  the  beryl- 
lium content  of  the  mixed  barium  fluoride  flux,  again 
after  magnesium  reduction? 

Mr.  MEYERSON  (USSR):  We  have  studied  the 
use  of  an  admixture  of  a  barium  salt  as  a  flux  in  the 
magnesium-heat  method  of  reducing  the  fluoride 
only  during  experiments  which  resulted  in  a  certain 
additional  technique  designed  to  increase  the  direct 
extraction  of  beryllium,  since  the  effect  of  the  salt  is 
to  reduce  the  beryllium  fluoride  content  of  the  slag. 
Subsequently,  however,  we  found  it  possible  to 
achieve  good  regeneration  and  complete  recovery  of 
the  beryllium  fluoride  out  of  the  slag  and  back  into 
production,  after  separating  it  from  the  metal,  so 
that  there  was  no  further  need  to  investigate  the 
technique  involving  an  added  barium  salt.  1  men- 
tioned it  as  one  of  several  alternative  techniques,  but 
we  have  ceased  to  study  it  very  closely;  the  result 
is  that  1  do  not  at  present  have  any  further  exact 
details,  since  the  method  not  involving  an  added 
barium  salt  also  proves  to  be  reasonably  economical 
if  careful  attention  is  given  to  regenerating  the 
residue. 

Mr.  K.  ALDER  (Australia)  :  The  first  question  is 
rather  a  small  point.  Mr.  Meyerson  has  mentioned 
the  reduction  of  the  fluoride  and  chloride  content  of 
beryllium  by  holding  at  a  temperature  of  1500°C. 
What  crucible  material  does  he  use  in  this  operation  ? 

Secondly,  Mr.  Meyerson  quoted  some  figures  for 
the  ductility  of  beryllium  of  5-10  per  cent.  What 
fabrication  process  produces  this  ductility;  and  does 
he  know  of  any  process  for  the  production  of  tubes 
with  ductility  in  both  the  longitudinal  and  circum- 
ferential directions  ? 

Mr.  MEYERSON  (USSR)  :  With  regard  to  the  first 
question,  concerning  the  temperature  used  in  the 
magnesium  reduction  of  beryllium  fluoride,  my  col- 
leagues have  already  informed  me  that  they  had 
heard  an  incorrect  interpretation  in  which  the  inter- 
preter gave  the  figure  as  1500°  instead  of  the 
1300°  quoted  by  me  both  in  my  oral  statement  and 
in  the  written  text  of  my  paper. 

We  raised  the  temperature  to  1300°C  in  the  re- 
duction process. 

With  regard  to  the  ductility  of  beryllium,  I  have 
already  mentioned  that  rod  extruded  from  material 
produced  by  powder-metallurgy  methods  sometimes 
elongates  under  tension  by  as  much  as  10  per  cent. 
I  have  given  an  account  of  the  conditions  of  extrusion 
in  my  statement  and  in  the  printed  paper. 

Mr.  G.  E.  DARWIN  (UK) :  1  should  like  to  ask 
Mr.  Kaufmann  if  he  could  give  us  some  further 
information  on  three  points.  He  mentions  in  his 
paper  that  in  stripping  extrusions  he  uses  strong  ni- 
tric acid.  Has  he  any  information  on  the  corrosion  of 
beryllium  which  takes  place  during  this  operation 
and  the  effect  of  the  strength  of  the  nitric  acid  on 
this  ?  Can  he  also  tell  us  whether  there  is  any  hydro- 
gen pick-up  into  the  metal  during  this  operation  ? 

My  second  point  is  this:  could  Mr.  Kaufmann 
elaborate  on  the  effects  of  iron  on  the  corrosion  of 
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beryllium?  I  am  particularly  interested  in  gas  cor- 
rosion. I  notice  that  Brush  Beryllium  contains  1100 
ppm.  Does  he  consider  this  beneficial,  or  can  he  say 
whether  it  is  beyond  the  beneficial  limit?  I  notice  in 
asking  this  question  that  Mr.  Meyerson's  beryllium 
only  contains  300  ppm  of  iron,  and  I  wondered  if  he 
had  any  further  comments  which  would  be  of  interest. 

Thirdly,  can  he  say  anything  about  any  work  he 
has  done  on  the  welding  of  beryllium? 

Mr.  KAUFMANN  (USA)  :  With  regard  to  the  iron 
cladding  of  beryllium  by  nitric  acid,  we  have  not 
found  that  there  is  anything  really  critical  about  that. 
We  usually  use  a  50  per  cent  nitric  acid,  but  much 
stronger  acid  can  be  used  except  that  the  rate  of  dis- 
solving of  the  iron  is  lower.  However,  I  do  recall 
that  if  there  is  a  trace  of  sulfuric  acid  in  the  nitric 
acid,  then  it  will  attack  the  beryllium  very  readily. 

We  have  never  observed  hydrogen  pick-up  as  a 
result  of  this  pickling  operation ;  in  fact,  I  am  under 
the  impression  that  hydrogen  is  insoluble  in  beryl- 
lium. We  have  not  had  any  trouble  which  we  have 
attributed  to  hydrogen  pick-up. 

My  reference  to  improvement  of  corrosion  resis- 
tance by  iron  was  with  regard  to  corrosion  in  water. 
We  have  note  noted  whether  there  was  a  correspond- 
ing effect  with  regard  to  oxidation.  The  amount  of 
iron  required  to  give  this  increased  corrosion  pro- 
tection we  are  not  sure  of,  but  T  think  it  is  more  than 
0.10  per  cent.  The  fact  that  there  is  about  0.10  per 
cent  iron  in  the  Brush  Beryllium  is  merely  because 
it  does  not  seem  worthwhile  to  reduce  it  l>elow  that, 
although  1  think  that  sometimes  it  does  go  down  to  as 
low  as  5/100  per  cent.  There  is  objection  to  putting 
too  much  in  beryllium  because  it  makes  it  even  more 
brittle  than  pure  beryllium. 

With  regard  to  welding  of  beryllium,  our  work  was 
done  on  extruded  cast  metal,  and  we  found  great  dif- 
ficulty in  getting  a  weld  which  did  not  crack.  There 
is  no  trouble  in  getting  fusion,  using  the  heli-arc.  The 


oxide  skin  does  not  seem  to  interfere,  but  as  soon  as 
the  arc  passes  by,  a  crack  follows  along  behind.  I 
think  that  welding  of  powder  metallurgy  beryllium 
can  be  done  more  readily,  but  we  have  not  had  oc- 
casion to  do  this. 

Mr.  R.  K.  HILTON  (UK)  :  Wbuld  Mr.  Kaufmann 
care  to  indicate  the  order  of  magnitude  of  the  change 
in  thermal  conductivity  of  beryllium  with  neutron 
irradiation  at  high  temperatures,  and  what  was  the 
density  of  the  sample  to  which  his  comment  in  the 
paper  referred? 

Mr.  KAUFMANN  (USA)  :  I  do  not  recall  that  these 
observations  were  made  during  irradiation  at  high 
temperatures.  Perhaps  there  is  someone  here  who 
would  know.  The  magnitude  of  the  reduction  which 
occurred  upon  irradiation  at  lovfr*  temperatures  was 
about  50  per  cent..  . 

Mr.  H.  M.  FINNISTON  (UK)  :  A  considerable 
amount  of  work  has  been  carried  out  on  beryllium 
metallurgy  in  a  number  of  countries — in  the  USSR, 
the  I' S A,  France  and  the  UK,  and  it  has  been  going 
on  for  many  years.  Is  there  any  intention  of  using 
beryllium  as  a  canning  material  in  any  reactor  in  the 
future,  and,  if  so,  in  what  sort  of  reactor  and  in  what 
sort  of  conditions  would  this  material  be  used  ? 

Mr.  KAUFMANN  (USA)  :  I  believe  the  feeling  in 
the  United  States  is  that  beryllium  has  not  yet  been 
developed  to  the  point  where  it  could  safely  be  used 
as  a  canning  material.  I  did,  however,  notice  in  the 
French  exhibit  a  piece  of  uranium  canned  in  beryl- 
lium, if  anybody  wants  to  go  and  look  at  it. 

Mr.  MEYERSON  (USSR)  :  I  should  like  to  inform 
Mr.  Finniston  and  other  delegates  who  may  be  inter- 
ested in  this  question  that  the  Soviet  Union  is  sub- 
mitting a  paper,  to  be  presented  by  Mr.  Morozov,  on 
the  properties  of  beryllium  from  the  point  of  view  of 
its  use  as  a  moderator  in  reactors.  T  imagine  that  this 
paper  will  provide  some  additional  information  on 
the  question  that  interests  you. 
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